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ABSTRACT 
A t h e o r e t i c a l s t u d y has been made of some a s p e c t s of p r o t o t y p e 
p o t e n t i a l energy s u r f a c e s f o r some s i m p l e o r g a n i c r e a c t i o n s . A d d i t i o n 
of p r o t o t y p e e l e c t r o p h i l e s to s i m p l e a l k e n e s has been i n v e s t i g a t e d by 
means of n o n - e m p i r i c a l and s e m i - e m p i r i c a l c a l c u l a t i o n s , w i t h i n the H a r t r e e -
Fock f o r m a l i s m , and the r e s u l t i n g carbonium i o n s s t u d i e d . The systems 
under i n v e s t i g a t i o n may be f o r m a l l y c o n s i d e r e d as b e i n g d e r i v e d from 
+ 
e l e c t r o p h i l i c a d d i t i o n of H to e t h y l e n e , f l u o r o e t h y l e n e and c h l o r o e t h y l e n e , 
or of X + (X=F,Cl) to e t h y l e n e , and may thus be r e p r e s e n t e d as 
(C2H^X) +,X=H,F and C l . F o r the s i m p l e s t system, C^E^+, two b a s i c 
s t r u c t u r e s have been c o n s i d e r e d , the c l a s s i c a l e t h y l c a t i o n and the b r i d g e -
p r o t o n a t e d e t h y l e n e . The e n e r g i e s of t h e s e s p e c i e s have been m i n i m i s e d 
w i t h r e s p e c t to the C-C bond l e n g t h s and a l s o , i n the c a s e of the l a t t e r 
i o n , w i t h r e s p e c t to the d i s t a n c e of the b r i d g i n g H from the CC bond 
c e n t r e . E x a m i n a t i o n of c o n f o r m a t i o n a l p r o c e s s e s i n the c l a s s i c a l i o n has 
shown a v i r t u a l absence of any b a r r i e r to r i g i d r o t a t i o n about the c c bond. 
The c a l c u l a t e d r e l a t i v e e n e r g i e s of the s p e c i e s has i n d i c a t e d , s u b j e c t to 
l i m i t a t i o n s imposed by the b a s i s s e t s i z e and p a r t i a l geometry 
o p t i m i s a t i o n , t h a t i n the gas phase the c l a s s i c a l i o n s h o u l d be "5.2k c a l 
mole ^ more s t a b l e than the b r i d g e p r o t o n a t e d e t h y l e n e . Furthermore 
c a l c u l a t i o n s a l o n g an i d e a l i s e d r e a c t i o n c o o r d i n a t e r e p r e s e n t i n g t r a n s -
f o r m a t i o n between the two s p e c i e s have i n d i c a t e d the absence of an 
a c t i v a t i o n b a r r i e r thus s u g g e s t i n g the b r i d g e d i o n to be the t r a n s i t i o n 
s t a t e f o r the s c r a m b l i n g of the hydrogen atoms of the e t h y l c a t i o n . These 
r e s u l t s have been compared w i t h mass s p e c t r o m e t r i c d a t a . The approach of 
a p r o t o t y p e n u c l e o p h i l e (H ) to e t h y l c a t i o n has been examined, r e s u l t s 
s u g g e s t i n g a p r e f e r e n t i a l c i s a t t a c k . C o n f o r m a t i o n a l p r o c e s s e s i n the 
1- and 2- f l u o r o and c h l o r e t h y l c a t i o n s have been examined. The r o t a t i o n a l 
b a r r i e r i n the 2- f l u o r o e t h y l c a t i o n has been shown to be v e r y l a r g e 
(10.5k c a l mole) and, w i t h the e x c e p t i o n of the 2- c h l o r o e t h y l c a t i o n , 
a l l the b a r r i e r s f o r the s u b s t i t u t e d e t h y l c a t i o n s have been shown to 
be dominated by a t t r a c t i v e terms. I n both the f l u o r o and c h l o r o e t h y l 
s y s t e m s , p r e d i c t e d o r d e r i n g of s t a b i l i t i e s of c a t i o n s has been 1- h a l o e t h y l > 
b r i d g e - p r o t o n a t e d h a l o e t h y l e n e ^ 2- h a l o e t h y l , and i d e a l i s e d r e a c t i o n 
c o o r d i n a t e s have been c o n s t r u c t e d r e l a t i n g the i o n s i n the f l u o r o c a s e , 
the r e s u l t s p r e d i c t the t o t a l absence of any a c t i v a t i o n b a r r i e r i n t r a n s -
forming 2- to 1- f l u o r o e t h y l c a t i o n , w h i l s t , i n the analogous c h l o r o c a s e , 
a s m a l l b a r r i e r (4.3 k c a l mole ^) i s p r e d i c t e d . R e l a t i v e thermochemical 
s t a b i l i t i e s of the i o n s have been computed, and the s t a b i l i s i n g / d e s t a b i l i s i n g 
e f f e c t s of halogen s u b s t i t u t i o n i n t h e s e carbonium i o n s i n v e s t i g a t e d and 
compared w i t h e x p e r i m e n t a l d a t a . 
The halogen b r i d g e d 'halonium 1 i o n s have been s t u d i e d , and t h e i r 
t o t a l e n e r g i e s m i n i m i s e d w i t h r e s p e c t to the d i s t a n c e of the h a l o g e n 
atom from the CC bond c e n t r e . The c a l c u l a t i o n s have i n d i c a t e d t h a t the 
f l u o r o n i u m i o n s h o u l d be of m a r g i n a l l y g r e a t e r s t a b i l i t y than the 2-
f l u o r o e t h y l c a t i o n (3.6k c a l mole ^) and t h i s has been d i s c u s s e d i n the 
l i g h t of p u b l i s h e d nmr s t u d i e s of the i o n i s a t i o n of 2 - h a l o ~ 3 f l u o r o 2,3-
d i m e t h y l butanes i n SO^/SbF^. R e s u l t s f o r the c h l o r o n i u m i o n have 
i n d i c a t e d t h a t t h i s i o n s h o u l d be c o n s i d e r a b l y more s t a b l e (15.8k c a l mole *") 
than the c o r r e s p o n d i n g 2- c h l o r o e t h y l c a t i o n . 
E l e c t r o n S p e c t r o s c o p y f o r C h e m i c a l A p p l i c a t i o n s (ESCA) has been 
employed f o r the measurement of c o r e b i n d i n g e n e r g i e s i n t h r e e s e r i e s of 
c l o s e l y r e l a t e d m o l e c u l e s 
( i ) a s e r i e s of a c e t y l compounds of g e n e r a l f o r m u l a 
CH 3C0X, X=H, CH 3, OH, 0CH 3, NH^, NHCH 3 > C0CH 3, C0 2H, CN and 0C0CH . 
( i i ) a s e r i e s of f i v e membered r i n g h e t e r o c y c l e s . 
( i i i ) a s e r i e s of p y r i m i d i n e b a s e s and r e l a t e d compounds. 
Assignment of core l e v e l s has been a c c o m p l i s h e d i n two ways, 
( i ) D i r e c t c o r r e l a t i o n of measured b i n d i n g e n e r g i e s w i t h o r b i t a l 
e n e r g i e s d e r i v e d from SCF c a l c u l a t i o n s , i . e . assuming 
Koopmans' theorem, 
( i i ) C o r r e l a t i o n of s h i f t s i n core b i n d i n g e n e r g i e s w i t h computed 
e l e c t r o n d i s t r i b u t i o n s w i t h i n the m o l e c u l e u s i n g the charge 
p o t e n t i a l model. I n g e n e r a l , assignments based upon the d i f f e r e n t 
methods have been found to be i n agreement. F u r t h e r m o r e i n the 
c a s e of some members of the p y r i m i d i n e s e r i e s comparison has been 
p o s s i b l e between charge p o t e n t i a l assignments u s i n g both ab i n i t i o 
and CNDO/II p o p u l a t i o n s . Agreement between the two s e t s has been 
complete. 
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T h i s t h e s i s c o n s i s t s of two r e l a t e d y e t d i s t i n c t p a r t s . I n the 
f i r s t p a r t ( C h a p t e r 2) a t h e o r e t i c a l i n v e s t i g a t i o n of some a s p e c t s of 
p r o t o t y p e p o t e n t i a l energy s u r f a c e s f o r some s i m p l e o r g a n i c r e a c t i o n s 
a r e c o n s i d e r e d . The second p a r t ( C h a p t e r s 3, 4 and 5) d e s c r i b e s an 
e x p e r i m e n t a l and t h e o r e t i c a l s t u d y of some a s p e c t s of s t r u c t u r e and 
bonding i n a c e t y l compounds (Chapte r 3 ) , f i v e membered r i n g h e t e r o c y c l i c 
m o l e c u l e s ( C h a p t e r 4) and p y r i m i d i n e s (Chapter 5) i n v e s t i g a t e d by ESCA 
( E l e c t r o n S p e c t r o s c o p y f o r Chemical A n a l y s i s ) . I n Chapter 1 i s d e t a i l e d 
background t h e o r y f o r both p a r t s of the t h e s i s . 
1. I n t r o d u c t i o n to P a r t 1 
A T h e o r e t i c a l I n v e s t i g a t i o n of a s p e c t s of the p o t e n t i a l energy 
s u r f a c e s of the systems ( C n H . X ) + X=H,F and C I . A r e l a t i v e l y d e t a i l e d 
I 4 
e x a m i n a t i o n has been made of p r o t o t y p e e l e c t r o p h i l i c a d d i t i o n to d e f i n s 
by means of n o n - e m p i r i c a l quantum m e c h a n i c a l c a l c u l a t i o n s , supplemented 
where a p p r o p r i a t e by s e m i - e m p i r i c a l c a l c u l a t i o n s . The p r o t o t y p e systems 
i n v e s t i g a t e d can f o r m a l l y be c o n s i d e r e d as b e i n g d e r i v e d from e l e c t r o -
p h i l x c a d d i t i o n of H + to e t h y l e n e , f l u o r o e t h y l e n e and c h l o r o e t h y l e n e , 
o r of X +(X=F,G1) to e t h y l e n e . Computer r e s t r i c t i o n s have n o t a l l o w e d 
complete geometry o p t i m i s a t i o n f o r s p e c i e s which a p r i o r i might be e x p e c t e d 
to r e p r e s e n t energy minima on the p o t e n t i a l energy s u r f a c e . The most 
thorough geometry o p t i m i s a t i o n s have been performed on b r i d g e - p r o t o n a t e d 
e t h y l e n e and e t h y l c a t i o n f o r which the computer time n e c e s s a r y was 
c o m p a r a t i v e l y s m a l l . F o r the halogen s u b s t i t u t e d s p e c i e s however, w i t h 
t h e i r c o r r e s p o n d i n g l y l a r g e r b a s i s s e t s , where p o s s i b l e ' c h e m i c a l i n t u i t i o n ' 
t o g e t h e r w i t h the r e s u l t s f o r the s y s t e m have been used to u t i l i s e 
as e f f e c t i v e l y as p o s s i b l e the computer time a v a i l a b l e f o r geometry 
o p t i m i s a t i o n . F o r the c l a s s i c a l 1- and 2- s u b s t i t u t e d e t h y l c a t i o n s 
r 
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c o n f o r m a t i o n a l p r o c e s s e s have been i n v e s t i g a t e d y i e l d i n g important i n f o r -
mation on b a r r i e r s to r o t a t i o n i n s i m p l e carbonium i o n s , the adequacy 
of the b a s i s s e t s f o r d e s c r i b i n g such p r o c e s s e s h a v i n g been checked i n 
each c a s e by examining c o n f o r m a t i o n a l p r o c e s s e s i n the c o r r e s p o n d i n g 
s u b s t i t u t e d e t h o n e s . R e l a t i v e e n e r g i e s of b r i d g e - p r o t o n a t e d e t h y l e n e s , 
(C2H^XH) +X=F,CI, and the c o r r e s p o n d i n g c l a s s i c a l i o n s have been computed 
and p r o t o t y p e r e a c t i o n c o o r d i n a t e s i n v e s t i g a t e d r e l a t i n g the i n t e r c o n -
v e r s i o n of c l a s s i c a l i o n s v i a b r i d g e d s p e c i e s . Where p o s s i b l e the r e s u l t s 
have been compared w i t h e x p e r i m e n t a l e v i d e n c e . 
2. I n t r o d u c t i o n to P a r t 2 
I n v e s t i g a t i o n by E.S.C.A. of s t r u c t u r e and bonding i n some s e r i e s 
of c l o s e l y r e l a t e d c h e m i c a l compounds. 
The r e c e n t development of E l e c t r o n S p e c t r o s c o p y f o r Chemical 
A p p l i c a t i o n s , or E.S.C.A., as a method f o r the d e t e r m i n a t i o n of m o l e c u l a r 
core b i n d i n g e n e r g i e s has p r o v i d e d a v a l u a b l e t o o l f o r o b t a i n i n g 
i n f o r m a t i o n on s t r u c t u r e and bonding i n m o l e c u l e s . X-ray p h o t o e l e c t r o n 
s p e c t r a (Mg Ka-, 9 ) have been r e c o r d e d f o r t h r e e s e r i e s of c l o s e l y r e l a t e d 
r . o l e c u l e s , a l l r e p r e s e n t i n g i m p o r t a n t c l a s s e s of o r g a n i c m o l e c u l e s w i t h 
c o n s i d e r a b l e c h e m i c a l importance namely 
(i.) a s e r i e s of a c e t y l compounds, g e n e r a l f o r m u l a 
CH3COX, X = H, CH 3, OH, OCH 3, NH^, NHCH 3 > COCH 3 > C0 2H, CN and OCOCH 3 
( i i ) a s e r i e s of f i v e membered r i n g h e t e r o c y c l e s 
( i i i ) a s e r i e s of p y r i m i d i n e b a s e s and r e l a t e d compounds. 
The e x p e r i m e n t a l measurements a r e then d i s c u s s e d i n terms of two 
models which p r o v i d e s e m i - q u a n t i t a t i v e i n t e r p r e t a t i o n s of the d a t a , 
( i ) The assumption of Koopmans' theorem i . e . a d i r e c t c o r r e l a t i o n of 
measured b i n d i n g e n e r g i e s w i t h o r b i t a l e n e r g i e s d e r i v e d from SCF 
c a l c u l a t i o n . 
( i i ) C o r r e l a t i o n of s h i f t s i n core b i n d i n g e n e r g i e s w i t h computed 
e l e c t r o n d i s t r i b u t i o n s w i t h i n the m o l e c u l e u s i n g the charge 
p o t e n t i a l model. 
Both t h e s e i n t e r p r e t i v e methods have been used i n t h i s work. 
For the f i r s t two s e r i e s examined, the m o l e c u l e s concerned have 
been of such s i z e t h a t n o n - e m p i r i c a l SCF c a l c u l a t i o n s have been 
p o s s i b l e . Thus a comparison may be made w i t h s h i f t s c a l c u l a t e d 
on the b a s i s of both Koopmans 1 theorem and the charge p o t e n t i a l 
model. F o r l a r g e r m o l e c u l e s , however, such as the s e r i e s of 
p y r i m i d i n e b a s e s (Chapter 5 ) , n o n - e m p i r i c a l c a l c u l a t i o n s were 
not f e a s i b l e w i t h the amount of computer time a v a i l a b l e . I n t h i s 
c a s e , t h e r e f o r e i n t e r p r e t a t i o n of c o r e b i n d i n g e n e r g i e s has been 
i n terms of charge d i s t r i b u t i o n s computed w i t h i n the framework of 
CNDO/2 and the charge p o t e n t i a l model. 
CHAPTER I 
THEORY OF MOLECULAR ORBITAL APPROACH AND ELECTRON SPECTROSCOPY 
FOR CHEMICAL APPLICATIONS (ESCA) 
I MOLECULAR ORBITAL THEORY 
I . 1 I n t r o d u c t i o n 
The e l e c t r o n i c s t r u c t u r e of an atom or mo l e c u l e i s d e s c r i b e d by a 
m a t h e m a t i c a l f u n c t i o n Y of a l l the c o o r d i n a t e s of the system, i n c l u d i n g 
time, c a l l e d the wave f u n c t i o n — . T h i s f u n c t i o n c o n t a i n s a l l the 
i n f o r m a t i o n about the p r o p e r t i e s of the system, and hence the b a s i c problem 
c o n f r o n t i n g the quantum c h e m i s t i s f i r s t to d e r i v e the wave f u n c t i o n of 
the s y s t e m i n which he i s i n t e r e s t e d , and then to a n a l y s e i t . E x a c t 
t r e a t m e n t s a r e o n l y p o s s i b l e f o r one e l e c t r o n m o l e c u l e s but, n e v e r t h e l e s s , 
m o l e c u l a r o r b i t a l t h e o r y p r o v i d e s a s u f f i c i e n t l y good approximate 
d e s c r i p t i o n of many e l e c t r o n systems to be of g e n e r a l use. 
T h e o r e t i c a l c a l c u l a t i o n s have, i n p r i n c i p l e , some advantage o v e r 
e x p e r i m e n t a l measurement. F o r example any assembly of n u c l e i and 
e l e c t r o n s may be i n v e s t i g a t e d i r r e s p e c t i v e of whether the assembly 
r e p r e s e n t s a s t a b l e e n t i t y or not . Thus i t i s p o s s i b l e i n p r i n c i p l e t o 
examine the e l e c t r o n i c s t r u c t u r e of a t r a n s i t i o n s t a t e . An e x c e l l e n t 
example of the a p p l i c a t i o n of these methods a r e the s t u d i e s of the 
t r a n s i t i o n s t a t e f o r the g e o m e t r i c a l i s o m e n i s a t i o n of cy c l o p r o p a n e by 
2 3 4 Salem and c o - w o r k e r s — ' — and by Godckrd—. S i n c e however the t r a n s i t i o n 
s t a t e r e p r e s e n t s the p o i n t of maximum f r e e energy on the l o w e s t energy 
path from r e a c t a n t s to pro d u c t i t i s not d i r e c t l y o b s e r v a b l e and 
e x p e r i m e n t a l e v i d e n c e c o n c e r n i n g i t s e l e c t r o n i c s t r u c t u r e must t h e r e f o r e 
be o b t a i n e d i n d i r e c t l y . The e x p e r i m e n t a l i s t i s l i m i t e d to the examina-
t i o n of s t a b l e or m e t a s t a b l e s p e c i e s w i t h f i n i t e l i f e t i m e s . C l e a r l y 
the t h e o r e t i c a l method does have i t s drawbacks, d i s s a d v a n t a g e s and 
l i m i t a t i o n s , and t h e s e w i l l be d i s c u s s e d l a t e r , but p r o v i d e d t h e s e a r e 
bourne i n mind the method i s v e r y p o w e r f u l and the r e s u l t s o b t a i n e d a r e 
e x t r e m e l y u s e f u l . 
1.2 B r i e f Summary of Quantum Mechanics 
The s t a r t i n g p o i n t f o r the use o f quantum mechanical c a l c u l a t i o n 
i n c h e m i s t r y i s the Schroedinger e q u a t i o n — 
M = (1,1) 
where H i s the h a m i l t o n i a n o f t h e system, o r t o t a l energy o p e r a t o r , and 
E i s t h e e i g e n v a l u e c o r r e s p o n d i n g t o t h e t o t a l energy o f the system. 
The t o t a l wave f u n c t i o n Y i s assumed t o be time independent, i . e . 
s e p a r a t i o n o f t h e time p a r t has been c a r r i e d out 
n x , y , z , t ) = ? ( x , y , z ) * ( t ) (1.2) 
and hence (1.1) i s known as the time independent Schroedinger e q u a t i o n . 
Under these c o n d i t i o n s t h e system i s termed a s t a t i o n a r y s t a t e , the 
p r o p e r t i e s o f which are o b t a i n a b l e by s o l u t i o n o f ( 1 . 1 ) . For m o l e c u l a r 
systems a f u r t h e r stage of s e p a r a t i o n upon the w a v e f u n c t i o n due t o Born 
and Oppenheimes— i s performed. For a system o f n u c l e a r c o o r d i n a t e s R 
and e l e c t r o n i c c o o r d i n a t e s r , the H a m i l t o n i a n i s expressed ( i n atomic 
u n i t s ) 
H(r,R) = - 4 g "I - i f i - I i + £ + d . 3 ) 
u i u i pi i j uv 
I f t h e f i r s t t e r m d e s c r i b i n g the n u c l e a r k i n e t i c energy i s separated 
H(r,R) - Hn(R) = He(r,R) (1.4) 
The t o t a l w a v e f u n c t i o n i s assumed separable i . e . 
Y = y £ ( r , R ) > n e ( R ) (1.5) 
and the ' e l e c t r o n i c 1 and 'nuclear* w a v e f u n c t i o n s are d e f i n e d by 
H e ( r , R ) * e ( r , R ) = E e ( R ) ^ ( r ,R) (1.6) 
and (Hn(R) + E e ( R ) ) x n e (R) = E ^ e (R) (1.7) 
Thus the ' e l e c t r o n i c * s chroedinger e q u a t i o n i s s o l v e d f o r f i x e d 
c o n f i g u r a t i o n s o f n u c l e i and the r e s u l t i n g e l e c t r o n i c energies Ee f o r m 
a p o t e n t i a l energy s u r f a c e V(R) and e q u a t i o n (1.7) may be s o l v e d t o y i e 
a t o t a l w a v e f u n c t i o n and t o t a l energy. The c o n d i t i o n s under which t h e 
Born-Oppenheimer a p p r o x i m a t i o n i s v a l i d may be examined. The t o t a l 
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Schroedinger e q u a t i o n may be w r i t t e n 
( h e(r,R) + H n ( R ) ) Y e ( r , R ) X n e ( R ) = EYe(r,R) Xne(R) (1.8) 
Since the o n l y d i f f e r e n t i a l terms i n He are f u n c t i o n s o f r , 
He( r , R ) Y e ( r , R ) X n e ( R ) = Xne(R)He(r,R)Ye(r,R) 
= Xne(R)Ee(R)Ye(r,R) (1.9) 
But Hn i s a d i f f e r e n t i a l o p e r a t o r o f R, and b o t h Ye and x n e a r e 
f u n c t i o n s o f R, hence 
2 2 
Hn(R)4< ( r , R ) X (R) = - & f ^ ( r , R ) V n u c x 0 0 e ne u*.ci e ne 
+ 2V Y (r,R)V x W + X ( R ) ? 2 * ( r , R ) } (1.10) nuc e v * / n u c A n e v ' Ane nuc e * 
S u b s t i t u t i o n o f (1.9) and (1.10) i n t o (1.8) y i e l d s (1.7) p r o v i d e d the 
terms i n V Y and V 2 Y may be n e g l e c t e d i . e . p r o v i d e d t h a t the nuc e nuc e J 
e l e c t r o n i c w a v e f u n c t i o n i s a s l o w l y v a r y i n g f u n c t i o n o f the n u c l e a r 
c o o r d i n a t e s then the Born-Oppenheimer a p p r o x i m a t i o n i s v a l i d . 
For many e l e c t r o n systems the summation r e p r e s e n t i n g the o p e r a t o r 
f o r i n t e r e l e c t r o n i c r e p u l s i o n , V r . . , must be i n c l u d e d as p a r t o f the 
p o t e n t i a l energy i n the Schroedinger e q u a t i o n . However, i f t h i s c o u l d 
be n e g l e c t e d the w a v e f u n c t i o n c o u l d be expressed i n terms o f a summation 
o f p r o d u c t s o f one e l e c t r o n f u n c t i o n s 
* = * a ( D % ( 2 ) ... \ M (1.11) 
I n t h i s f o r m the wave e q u a t i o n would be separable i n t o a set o f 
eq u a t i o n s each i n v o l v i n g the c o o r d i n a t e s o f o n l y one e l e c t r o n , the 
s o l u t i o n o f which would gi v e the ip. However, s i n c e t he many body 
problem i s n o t e x a c t l y s o l u b l e i n quantum mechanics ( o r f o r t h a t m a t t e r 
i n c l a s s i c a l mechanics), and s i n c e even f o r simple molecules i t i s v e r y 
d i f f i c u l t t o d e a l w i t h f u n c t i o n s which e x p l i c i t l y c o n s i d e r i n t e r -
e l e c t r o n i c r e p u l s i o n and because of i t s conceptual s i m p l i c i t y , the o r b i t a l 
a p p r o x i m a t i o n i s made, i n which the w a v e f u n c t i o n i s expressed i n terms 
o f f u n c t i o n s each o f which depend o n l y on the c o o r d i n a t e s o f one e l e c t r o n . 
As w i l l become apparent, w i t h i n the o r b i t a l a p p r o x i m a t i o n i t i s 
7. 
moderately easy t o d e s c r i b e adequately the average r e p u l s i o n e x p e r i e n c e d 
by an e l e c t r o n due to the o t h e r e l e c t r o n s . The ins t a n t a n e o u s 
c o r r e l a t i o n o f e l e c t r o n i c motions, however, i s r e l a t i v e l y d i f f i c u l t t o 
i n c o r p o r a t e w i t h i n t h i s framework. The p a r t i c u l a r v i r t u e o f the o r b i t a l 
a p p r o x i m a t i o n , o t h e r than mathematical s i m p l i c i t y i s t h a t i t leads t o 
r e s u l t s which are e s p e c i a l l y a c c e p t a b l e t o chemists s i n c e they 
c l o s e l y resemble t h e i r i n t u i t i v e i d e a o f m o l e c u l a r s t r u c t u r e . 
A s s o c i a t e d w i t h each e l e c t r o n i s a s p i n (m ±2) and the two p o s s i b l e 
s 
s p i n f u n c t i o n s are w r i t t e n a(m =5) and 3(m =-J). The p r o d u c t o f the 
s s 
above d e f i n e d s p a t i a l o r b i t a l and a s p i n f u n c t i o n i s c a l l a s p i n 
o r b i t a l i . e . 
4 > i ( l ) = ( l ) a or *. (1 ) 3 (1.12) 
where i s a f u n c t i o n depending o n l y on the space c o o r d i n a t e s o f i 
e l e c t r o n i . The way i n which these s p i n o r b i t a l s are combined to form 
the t o t a l wave f u n c t i o n i s d i c t a t e d by the P a u l i antisymmetry p r i n c i p l e ^ 
w h ich a l l o w s f o r the f a c t t h a t e l e c t r o n s are i n d i s t i n g u i s h a b l e from 
one another. Thus i t s t a t e s t h a t a l l a c c e p t a b l e w a v e f u n c t i o n s f o r 
p a r t i c l e s o f h a l f i n t e g r a l s p i n must be a n t i — s y m m e t r i c upon p e r m u t a t i o n 
o f the l a b l e s o f any two p a r t i c l e s . The s i n g l e p r o d u c t w a v e f u n c t i o n 
¥(1,2...2u) = l ( l ) o 1 ( 2 ) 3 l ( 3 ) o * (2n)3 (1.13) 
i s n o t a n t i s y m m e t r i c b u t can be made so by w r i t i n g i t i n d e t e r m i n a n t a l 
f orm^-
i . e . ¥(1,2...2n) = / 1 
2n! 
^(1)0^(1)0*2(1)0 * n(D3 
* 1 ( 2 ) a i | ; 1 ( 2 ) 3 * 2 ( 2 ) a * n ( 2 ) 3 
# 1 ( 2 n ) a ^ n ( 2 n ) 3 
o f t e r c a l l e d a S l a t e r d e t e r m i n a n t and a b r e v i a t e d t o 




which i n c l u d e s o n l y the d i a g o n a l elements. P e r m u t a t i o n o f the l a b l e s 
of any two e l e c t r o n s exchanges two rows o f the de t e r m i n a n t and hence 
rev e r s e s the s i g n o f the w a v e f u n c t i o n , thus e n s u r i n g antisymmetry. 
C e r t a i n mathematical c o n s t r a i n t s are pl a c e d upon the w a v e f u n c t i o n . 
I t must be f i n i t e , continuous and s i n g l e v a l u e d . S o l u t i o n s o f the 
Schroedinger e q u a t i o n are r e q u i r e d t o be n o r m a l i s e d i . e . 
/ i p i 2 3 x = 1 (1.16) 
which i s ensured by m u l t i p l y i n g the w a v e f u n c t i o n by a n o r m a l i s a t i o n 
c o n s t a n t such t h a t 1.16 i s s a t i s f i e d . I t can a l s o be shown t h a t d i f f e r e n t 
e i g e n f u n c t i o n s o f the same H a m i l t o n i a n c o r r e s p o n d i n g t o d i f f e r e n t e i g e n -
v a l u e s must be m u t u a l l y o r t h o g o n a l , i . e . 
/ f . ^ 3 T - 0 (1.17) 
and the o r t h o n o r m a l i s a t i o n can be expressed as 
(\b.ib.2T =6. . (1.18) i J i j 
where the kronecker d e l t a , takes the value u n i t y when i = j and 
zero f o r any o t h e r case. 
From the d i s c u s s i o n so f a r i t i s apparent t h a t e x p r e s s i n g the 
w a v e f u n c t i o n i n terms o f a S l a t e r d e t e r m i n a n t o f s p i n o r b i t a l s i s an 
a p p r o x i m a t i o n and hence a y a r d s t i c k i s r e q u i r e d f o r gauging how c l o s e 
t o p h y s i c a l r e a l i t y i s the d e s c r i p t i o n o f the system p r o v i d e d by the 
w a v e f u n c t i o n . Such a c r i t e r i o n i s p r o v i d e d by the v a r i a t i o n theorem. 
The V a r i a t i o n Method 
I n p r a c t i c a l terms, d i r e c t s o l u t i o n o f the sc h r o e d i n g e r e q u a t i o n 
i s o n l y f e a s i b l e f o r one e l e c t r o n systems, and many e l e c t r o n systems 
are u s u a l l y s o l v e d by the v a r i a t i o n method. The v a r i a t i o n p r i n c i p l e 
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s t a t e s t h a t -
Given any approximate w a v e f u n c t i o n s a t i s f y i n g the boundary c o n d i t i o n s 
of the problem, the e x p e c t a t i o n v a l u e o f the energy c a l c u l a t e d from 
t h i s f u n c t i o n w i l l always be h i g h e r than the t r u e ground s t a t e energy. 
Thus i f i s an a p p r o x i m a t i o n t o the exact wave f u n c t i o n 
U H^3x = E > E (1.19) 
where E i s the t r u e energy. Hence the method suggested i s t o s t a r t 
w i t h a t r i a l wave f u n c t i o n c o n t a i n i n g one or more v a r i a t i o n a l parameters 
and then t o minimise the e x p e c t a t i o n v a l u e o f the energy w i t h r e s p e c t t o 
these parameters. The method g e n e r a l l y used f o r the d e r i v a t i o n o f 
s u i t a b l e t r i a l f u n c t i o n s i s t o take a l i n e a r c o m b i n a t i o n of b a s i s 
f u n c t i o n s , known as the b a s i s s e t , which approaches the p e r f e c t wave 
f u n c t i o n ( w i t h i n the Hartree-Fock f o r m a l i s m ) as the number of f u n c t i o n s 
tends t o i n f i n i t y . The s i m p l e s t approach o f t h i s k i n d i s the L i n e a r 
Combination o f Atomic O r b i t a l s o r LCAO method, which assumes t h a t the 
e l e c t r o n i c d i s t r i b u t i o n i n a molecule can be r e p r e s e n t e d a p p r o x i m a t e l y 
as a sum o f atomic d i s t r i b u t i o n s , and hence the t r i a l f u n c t i o n s chosen 
f o r the m o l e c u l a r o r b i t a l ij> i s a l i n e a r combination o f the a p p r o p r i a t e 
atomic o r b i t a l s Y 
and the c o e e f i c i e n t s C are used as the v a r i a t i o n a l parameters, though 
a v a r i a t i o n a l parameter can e q u a l l y w e l l be pl a c e d i n the b a s i s f u n c t i o n s 
themselves. The s e t o f atomic o r b i t a l s Y i s known as the b a s i s s e t . 
y 
The use o f the v a r i a t i o n method i s now e x p l a i n e d u s i n g an LCAO f u n c t i o n , 





X n) (XiX X 
l k 
A X X c 2k (1.21) 
H - t X X 
nk 
where the symbol f r e f e r s t o the m a t r i x a d j o i n t o r complex conjugate 
t r a n s p o s e . 
Thus the energy w i l l be g i v e n by 
10. 
e = C +H C 
~f— (1.22) 
and a p p l y i n g the v a r i a t i o n a l p r i n c i p l e 
<Se = 0 = 6 C k TH C k = ( j ^ H ^ - e6C k +A Cfc) + complex (1.23) 
. • — - j — c o n j u g a t e VA c k c k A c k 
i . e . the v a r i a t i o n p r i n c i p l e r e q u i r e s t h a t 
6 C k + ( H C k - eA C ) = 0 (1.24) 
and f o r t h i s t o be s a t i s f i e d f o r a v a r i a t i o n 6 C k i t i s necessary t h a t 
(H - eA) C k = 0 (1.25) 
Hence f o r a non t r i v i a l s o l u t i o n 
det (H - e A) = 0 (1.26) 
known as the s e c u l a r equations or s e c u l a r d e t e r m i n a n t , and hence one 
o b t a i n s the r o o t s e^, ... e , and by s u b s t i t u t i o n back one d e r i v e s 
the c o e f f i c i e n t s C. 
1 3 Hartree-Fock S e l f c o n s i s t e n t F i e l d Theory 
The fundamental b a s i s of a s e l f c o n s i s t e n t f i e l d approach d e r i v e s 
fro m the t r e a t m e n t o f atomic systems by H a r t r e e — and l a t e r extended 
, r ,11 , 12 by F o c k — and S l a t e r — - , J r r ^ J t o i n c l u d e antisymmetry or wave f u n c t i o n s . The 
method was t h a t o f m i n i m i s i n g the energy r e s u l t i n g from a s i n g l e 
d e t e r m i n a n t a l wave f u n c t i o n t o y i e l d a s e t o f i n t e g r o d i f f e r e n t i a l 
e q u a t i o n s . Thus the Hartree-Fock wave f u n c t i o n i s the v a r i a t i o n a l l y 
b e s t wave f u n c t i o n which can be c o n s t r u c t e d by a s s i g n i n g each e l e c t r o n 
to a separate o r b i t a l , o r f u n c t i o n depending o n l y on the c o o r d i n a t e s 
of t h a t e l e c t r o n . For the o r i g i n a l atomic c a l c u l a t i o n s the e q u a t i o n s 
c o u l d be s o l v e d t o h i g h accuracy by n u m e r i c a l i n t e g r a t i o n , though f o r 
molecules the o r b i t a l s <{K are i n v a r i a b l y expanded i n terms o f a s e t o f 
a n a l y t i c b a s i s f u n c t i o n s . Thus, each m o l e c u l a r o r b i t a l IJK i s expressed 
as a l i n e a r combination o f b a s i s f u n c t i o n s $ 
p 
rl). =T2 c. <j> (1.27) 
The ground s t a t e o f the system ( i n the c l o s e d s h e l l case, w i t h each 
o r b i t a l doubly occupied) i s t o be w r i q t e n as a s i n g l e S l a t e r d e t e r m i n a n t , 
¥ = | * 1 ( 1 ) * 1 ( 2 ) # 2 ( 3 ) * 2 ( 4 ) ? n ( 2 n ) j (1.28) 
where ijj r e p r e s e n t s a s p i n o r b i t a l o f s p i n p a r t 8. The n o n - r e l a t i v i s t i c 
H a m i l t o n i a n may be expressed ( i n atomic u n i t s ) as 
2n 2 n - l n 
H - £ " < « • £ E ( 1 . 2 9 ) 
i = l i = l j = i + l i j 
i < j 
and hence one may d e r i v e the fundamental e x p r e s s i o n f o r the t o t a l energy 
o f the system 
E = 2 Hi + (2J. . - K. .) (1.30) 
i = 1 i = 1 j = 1 1J i J 
H ( i ) i s the o n e - e l e c t r o n o p e r a t o r 
K 
H ( i ) = - V? - y _l_ <K n u c l e i i n the system) (1.31) 
"7 k = 1 \ j 
The m a t r i x elements H. , J. . and K. . are d e f i n e d by 
Hi = ( ^ ( 1 ) ^ ( 1 ) 1 ^ ( 1 ) ) (1.32) 
J i j - ( f c ( D # i < 2 ) h r H * (2)> (1.33) 
12 J 
K i j = <fo ( l ) f e (2)|-M<p. (2)fc (1)> (1.34) 
12 
The i ^ i are s o l u t i o n s to the pseudo-eigenvalue equations 
Fy. = e. *. (1.35) l 1 1 
the Fock o p e r a t o r , F, b e i n g g i v e n by the e x p r e s s i o n 
+ £ (2J - K ) 
n 
F = H + > ( 2 J . - K.) (1.36) 
where J. and K. are d e f i n e d by the e q u a t i o n s 
J J 
12. 
( • i l - J j l t j ) = J £ j (1.37) 
<*i I I *£> = K i : j (1-33) 
The o r b i t a l e n e r g i e s are g i v e n by 
e. = H i i + £ i2J ~K ) (1.39) 
J = l J 
so t h a t 
n 
i = l 
E q u a t i o n (1.35) i s a pseudo-eigenvalue e q u a t i o n i n the sense t h a t b o t h 
F and the are determined by the c o e f f i c i e n t s c. . The e x p e c t a t i o n 
v a l u e f o r the energy o f Y i s minimised w i t h r e s p e c t to the c o e f f i c i e n t s 
c i n the f o l l o w i n g procedure. The o p e r a t o r s a t i s f y i n g (1.35) can 
o n l y be found by t r i a l and e r r o r and the eq u a t i o n s are s o l v e d by guessing 
an i n i t i a l s e t o f f u n c t i o n s , s o l v i n g the equations f o r a new s e t and 
r e p e a t i n g the process w i t h t h i s new s e t . This i s repeated u n t i l the 
s e t of f u n c t i o n s a t each end o f a c y c l e are cl o s e enough w i t h i n the 
d e s i r e d degree o f accuracy, when s e l f c o n s i s t e n c y i s s a i d t o have been 
achieved. 
These equations may a l s o be d e r i v e d f r o m the v a r i a t i o n theorem, 
thus showing t h a t the SCF method does minimise the energy o f a system 
d e s c r i b e d by a gi v e n c o n f i g u r a t i o n a l wave f u n c t i o n . I t i s wished t o 
minimise the energy o f 4* w i t h r e s p e c t t o the c o e e f i c i e n t s c^p> such t h a t 
< t i k j > = «ij ci . 4 1 ) 
The energy o f the system i s 
E = <Y|H|^ (1.42) 
which can be r e w r i t t e n as i n (1.30) where the sums extend over the 
doubly occupied o r b i t a l s o f the system (2n e l e c t r o n s ) . D e f i n i n g the 
o p e r a t o r s J j and Kj as i n (1.37) and (1.38) 
E - 2 2 Z < f c H O + L , l G i k y > (1.43) 
i = l J i»l j = l 
13. 
where Gj = 2Jj - Kj 
I t may be n o t e d t h a t 
|Gj|*.) - G. . - G.. = <#. |G J*.) (1.44) 
A s m a l l v a r i a t i o n i n E w i l l now be co n s i d e r e d . The b a s i s set i s 
regarded as f i x e d and the v a r i a t i o n can o n l y be c a r r i e d out through 
changes i n the c o e f f i c i e n t s c. . I f the energy i s a t a t r u e minimum, 
6E = 0 f o r any such v a r i a t i o n . 
n 
<5E = 2C |H|if>.> + |H|6* > ) 
i = l 1 1 1 1 
n n 
+ E C (<«*. |G |*..> + <*. |G |6*.> + <* 16G | * > ) ( 1 . 4 5 ) 
i = l j = l 1 J 1 1 j 1 i j i 
The term i n v o l v i n g 6Gj may be e l i m i n a t e d s i n c e 
<6*. |G. |o. > + (t |G 16*..) = /* |6G U > (1.46) 
1 J 1 1 J 1 N j i j 
thus c a r r y i n g out the double summation 
n 6E = 2C <<«*i|H|^i> + < I | / . | h | S * . > 
n n 
+ < « * . | C G.|*.> + <*.|C G-l«*.>> o-^n 
j - 1 1 j = l J 1 
The second and f o u r t h terms are s i m p l y the complex conjugates of the 
f i r s t and t h i r d , i . e . 
^ £ | H | 6 ^ i ) = ^ ^ N ^ ) * (1.48) 
s i n c e a l l the o p e r a t o r s i n v o l v e d are H e r m i t i a n . Therefore 
6E = 2 f 2 l H + £ G - I * - ) + <«*.|H +I^G.|ip-.> *) (1.49) 
i = l 1 j = l J 1 1 j = l J 1 
and s i n c e t h i s i s s u b j e c t t o (1.35) 
( 6 * . ^ . ) + ) = 0 (1.50) 
I f an a r b i t r a r y s e t o f m u l t i p l i e r s e.. are now d e f i n e d and summation 
c a r r i e d o u t over b o t h i and j 
14. 
n n 
" 2 E E e u C<6* i|* i> + < * i | 6 * j > ) = 0 (1.51) 
i = l j - 1 J 
and making use o f the r e l a t i o n 
< * i | 5 * j > - <«*j|ti>* (1.52) 
(1.51) may be w r i t t e n 
-2 C C e j i < ^ i l V " 2 £ t Hj<«*il*i> * • 0 < 1 ' 5 3 > i = l j = l i = l j = i 
A c c o r d i n g to Lagrange's method of undetermined m u l t i p l i e r s , (1.49) and 
(1.53) are now added 
n 
6E = 0 = 2 Tj 
i = l 
n i ^— 1 |H+>_^ 
j - 1 
l * i > - £ 
j - 1 
n 
* 2 l ; 
i = l 3-1 
n 
- c 
i - i 
eij<«*i|*j>*) (1.54) 
Lagrange's method now s t a t e s t h a t i n o r d e r f o r 6E t o equal zero, each 
t e r n i n the sum must v a n i s h . Furthermore, s i n c e the v a r i a t i o n s are 
a r b i t r a r y , t h e i r ' c o e f f i c i e n t ' must i n t u r n v a n i s h , and hence 
n n 
(H + r > j ) U ' i > - C e j x i ^ j > d - 5 5 ) 
j = i j = i 
n n 
(H ^ ^ G j ) * ! ^ * = l J e i j l + j > * ( I - 5 6 ) 
j = l j = l 
T a k i n g the complex conjugate o f (1.56) and s u b t r a c t i n g i t from (1.55) 
j = l 
Thus e — = Ej£* f o r a l l i , j and the m a t r i x e whose elements are e i j 
i s H e r m i t i a n . 
Equations ( 1 . 5 5 ) , (1.56) are n o t q u i t e e i g envalue r e l a t i o n s s i n c e 
\\j . i s t r a n s f o r m e d i n t o a sum over \\t •. However, the sum can be 
d i a g o n a l i s e d . C o n s i d e r i n g the f o l l o w i n g row v e c t o r ip whose elements are 
the ¥ . 
* = (v' 1* 2*3 .... ^ n ) (1-58) 
15. 
Then ( 1 . 5 5 ) , (1.56) may be w r i t t e n i n the form 
F # = ~$ 7 (1.59) 
or F 1 |? = 71 (1.60) 
Since e l i s H e r m i t i a n , t h e r e e x i s t s a u n i t a r y m a t r i x U such t h a t 
7 = U1" 71 U (1.61) 
i s a d i a g o n a l m a t r i x . D e f i n i n g ip = iplu i t can be proved t h a t 
F 1 ^ = * 7 (1.62) 
which i s now a t r u e (pseudo) eigenvalue e q u a t i o n w i t h components o f the 
form 
F 1^. = e.*. (1.63) I 1 1 
where e. = e. . . However, i t i s n o t immediately obvious t h a t t h i s l n 
d i a g o n a l f o r m s t i l l minimises the energy, nor i s the meaning o f F 1 
e n t i r e l y w e l l d e f i n e d . However, i t may be n o t e d t h a t the u n i t a r y 
t r a n s f o r m = i j / 1 U merely adds c e r t a i n l i n e a r combinations o f rows of 
the S l a t e r d e t e r m i n a n t ¥ w i t h o u t changing i t s v a l u e ; i . e . V -
Furthermore, F = p i H = s i n c e t h i s does n o t i n v o l v e . I t i s 
i 
n o t ed t h a t 
n j\ _n _m .jn . 
U G.1 = C ( 2 J . 1 - K. 1) = C L J l - J c 1 . C. 1 (2 
H J H J J j = l P =l q = l J P " 
J - K ) 
pq pq 
(1.64) 
where the o r b i t a l o p e r a t o r s have been expanded i n terms of c o n s t i t u e n t 
' b a s i c o p e r a t o r s ' . The c o e f f i c i e n t s c l . are r e l a t e d t o the unprimed 
F JP 
c o e f f i c i e n t s C. by the e q u a t i o n 
JP 
n 
G =)_] C l . XS.. (1.65) 
i p j r ^ JP JX 
n 
or C1. = T C. a.? M /-A \ i p | ^ JP 1 J (1.66) 
S u b s t i t u t i n g i n (1.64) 
16. 
D G i l = C C L C C c, c_ U., U.. (2J - K ) (1.67) 
j = i J j = i P=I 5=i S=i i = i k p l q J k J l p q p q 
The sum over j i n t r o d u c e s a f a c t o r o f 6 k l , hence 
G.1 = )_, ) . Y_j c. c, (2J - K ) (1.68) 
j = l J k = l p ~ l q < kP k * ™ P q 
The r i g h t hand s i d e i s , by d e f i n i t i o n , equal to the t o t a l t w o - e l e c t r o n 
o p e r a t o r i n the unprimed scheme, so 
n n 
C G A 1 " C G. (1.69) 
j - 1 J j - 1 J 
Hence i t has been proved t h a t 
F = 7 ^  (1.70) 
o r , i n component form, 
F*. = e.*. (1.71) I 1 1 
The SCF eq u a t i o n s thus f o l l o w , d i r e c t l y f r o m the v a r i a t i o n a l p r i n c i p l e . 
A l s o i t has been proved t h a t an a r b i t r a r y u n i t a r y t r a n s f o r m a t i o n on a 
S l a t e r d e t e r m i n a n t a l t e r s n e i t h e r the d e t e r m i n a n t i t s e l f , nor the 
r e s u l t a n t Fock o p e r a t o r . Thus, i f i t i s wished, the molecular o r b i t a l 
p i c t u r e may be tr a n s f o r m e d i n t o an e q u i v a l e n t ' l o c a l i s e d o r b i t a l 1 
scheme i n which the s t a n d a r d o r b i t a l s chosen are those most n e a r l y 
r e p r e s e n t i n g atomic f u n c t i o n s , o r c e r t a i n 'bond' f u n c t i o n s . 
The d i a g o n a l i s e d m a t r i x o f m u l t i p l i e r s , the s e t e i , has n values 
and these are known as o r b i t a l e n e r g i e s from (1.71) 
U. * F ty. 8T = e (1.72) 
l I 
I t w i l l be shown l a t e r t h a t i f a s i n g l y i o n i s e d s t a t e of the system 
i s d e s c r i b e d i n terms o f the o n e - e l e c t r o n f u n c t i o n s a p p r o p r i a t e t o the 
n e u t r a l system, then these o r b i t a l e n e r g i e s are the energy d i f f e r e n c e 
between the n e u t r a l and i o n i s e d s t a t e s i . e . correspond to the i o n i s a t i o n 
energy 
I o n i s a t i o n -,ON • , /-^ tt (1.73) P o t e n t i a l ( l ) i 
37. 
This was f i r s t demonstrated by Koopmans and i s w i d e l y known as 
3 3 
Koopraans' theorem-^—. For c l o s e d s h e l l systems, the approximations 
i n v o l v e d i n t a k i n g a s i n g l e d e t e r m i n a n t a l f u n c t i o n o n l y , however, must 
be bourne i n mind. Koopmans theorem x ^ i l l be examined i n g r e a t e r depth 
l a t e r . 
When the LCAO a p p r o x i m a t i o n i s i n c o r p o r a t e d i n t o the H a r t r e e 
Fock equations the r e s u l t i n g e quations are u s u a l l y known as Roothaan's 
e q u a t i o n s — . 
From (1.71) 
H S C \ « e . S C F (1.74) 
and by t h e LCAO a p p r o x i m a t i o n 
* - I c- X (1.75) r i *• i n A n n 
thus 
H > c. x = e- > c. x (1.76) L m A n i L i n n n n 
hence 
2 C i n / X m H S C F x n d v = e i ^ * c i J x m x n d v < 1 , 7 7 ) n 1 n 
whi c h can be w r i t t e n 
I c. (H S C F - e. S C F S ) - 0 (1.78) *• i n mn i mn n 
w h i c h has a n o n - t r i v i a l s o l u t i o n when 
a e t l H S C F - e. S C F S | = 0 (1.79) 1 mn i ran 
1.4 Form o f the Basis Functions Used 
The m o l e c u l a r o r b i t a l s f o r assembly o f n u c l e i and e l e c t r o n s 
are d e f i n e d by the expansions 
* B £cai*i ( U 8 0 ) ** = £ ayi xu ( 1 " 8 1 ) 
and the t o t a l s e t o f f u n c t i o n s used t o d e s c r i b e the system i s known as 
18. 
the b a s i s s e t . (1.81) i s a mathematical d e s c r i p t i o n of the l i n e a r 
combination of atomic o r b i t a l s procedure and the type of b a s i s functions 
X used i n non-empirical c a l c u l a t i o n s f a l l i n t o two d i s t r i n c t c l a s s e s , 
depending upon whether the r a d i a l portion of the function i s a s i n g l e 
—£r . . —ctr^ exponential (e ) or a gaussian type function (e ) . 
S i n gle exponential functions. Functions of t h i s type are suggested by 
the exact s o l u t i o n for one e l e c t r o n atoms, where the wave functions 
have the form of a product of a function of r ( n u c l e a r - e l e c t r o n 
separation) and s p h e r i c a l harmonics. The function of r may be placed 
i n exponential form 
<Kr,6, ) = Nr n~ Xexp (-£r) Y (e,<l>) (1.82) 
lm 
and s l a t e r - ^ - proposed a s e t of r u l e s f or the c a l c u l a t i o n of the o r b i t a l 
exponent £ for any atom required. The value of the exponent allows the 
function to vary i t s r a d i a l maximum from the nucleus and i s r e l a t e d to 
the screening e f f e c t from the remaining e l e c t r o n s , but i t i s not u s u a l l y 
p o s s i b l e to get good agreement at a l l d i s t a n c e s from the nucleus with 
a s i n g l e S l a t e r function per atomic o r b i t a l . In t h e i r simplest a n a l y t i c a l 
form they are not mutually orthogonal but t h i s i s not an important 
l i m i t a t i o n and maybe overcome by the construction of l i n e a r combinations. 
16 
Gaussian Type fun c t i o n s . The use of these were proposed by B o y s — , 
and have the form 
<f>A(r,e,4>) - N x r n l exp (~ar 2) Y (8,4> ) (1.83) 
The use of these functions considerably s i m p l i f i e s m u l t i c e n t r e i n t e g r a l 
e valuation, s i n c e i t can be proved that the product of two gaussian 
functions centred on two d i f f e r e n t atoms i s another guassian function 
centred on the l i n e j o i n i n g the o r i g i n a l centres. Thus i n t e g r a l s of 
the type 
1 
/ • ( g ) a * ( g ) b r 1 2 <fr(g)c4>(g) d T ( 1 - 8 4 > 
19. 
are immediately s i m p l i f i e d t o the f o r m 
1 
/ • ( g ) e r 1 2 f ( g ) F D T (1.85) 
U n f o r t u n a t e l y , f o r s type f u n c t i o n s , the form o f a s i n g l e gaussian 
does n o t c l o s e l y resemble the form o f a t r u e atomic o r b i t a l , p a r t i c u l a r ! 
i n the n u c l e a r r e g i o n where the cusp i s l a c k i n g , 
x 
r 
f i g . 1.1 
Form o f a s i n g l e gaussian 
f u n c t i o n 
and a l s o a t v e r y l a r g e d i s t a n c e s . For these reasons i t i s necessary 
t o use n o t one gaussian per o r b i t a l b u t s e v e r a l . A minimal b a s i s s e t 
i s one c o n s i s t i n g o f the l e a s t number o f atomic o r b i t a l s ( o f a p p r o p r i a t e 
symmetry) f o r the atomic ground s t a t e , i . e . i t i n c l u d e s one f u n c t i o n 
f o r each occupied atomic o r b i t a l w i t h d i s t i n c t n and 1 quantum numbers 
f o r the component atoms o f the molecule. Though c a l c u l a t i o n s u s i n g 
minimal b a s i s sets have had t h e i r i n t e r p r e t i v e uses, i t i s g e n e r a l l y 
b e t t e r t o use more extended b a s i s s e t s . However, the number o f i n t e g r a l 
to be e v a l u a t e d i n a c a l c u l a t i o n ( w i t h o u t r e g a r d t o the use of symmetry) 
may be determined f r o m the number o f b a s i s f u n c t i o n s employed f r o m the 
formulae 
Number of 1 e l e c t r o n i n t e g r a l s (p) = n(n+1) (1.86) 
2 
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Number of 2 e l e c t r o n i n t e g r a l s = p (p+1) (1.87) 
2 
where n i s the number o f b a s i s f u n c t i o n s used. Thus the number of 
i n t e g r a l s i s r o u g h l y p r o p o r t i o n a l t o the -fourth power o f the number 
o f b a s i s f u n c t i o n s employed. There are f u r t h e r problems i n v o l v e d w i t h 
l a r g e b a s i s s e t s . I n c r e a s e d computer time and s t o r a g e space are 
r e q u i r e d f o r the c o n s t r u c t i o n and d i a g o n a l i s a t i o n o f the much l a r g e r 
Fock m a t r i x . Furthermore, as the s i z e o f the b a s i s set i s i n c r e a s e d , 
so problems w i t h convergence may be encountered i n the S.C.F. s e c t i o n 
o f c a l c u l a t i o n s . A f u r t h e r choice must be made as t o the n a t u r e o f the 
v a r i a t i o n a l freedom. 
The exponents o f the Y and the c o e f f i c i e n t s a . may be t r e a t e d as 
v a r i a t i o n a l parameters i n a d d i t i o n t o the MO c o e f f i c i e n t s (the c . ) . 
a i ' 
However, the g r e a t e r v a r i a t i o n a l freedom i s o n l y achieved a t c o n s i d e r a b l e 
c o m p u t a t i o n a l expense and i n g e n e r a l exponents are f i x e d ( u s u a l l y h a v i n g 
been o p t i m i s e d f o r the atom) and the c o e f f i c i e n t s a l l o w e d t o v a r y , 
a l t h o u g h c a l c u l a t i o n s employing m i n i m a l b a s i s sets w i t h v a r i a t i o n i n 
b o t h exponents and c o e f f i c i e n t s may be employed. Use o f exponents 
o p t i m i s e d f o r atomic systems i s j u s t i f i a b l e on the grounds t h a t l i t t l e 
d i s t o r t i o n w i l l occur o f f o r m a t i o n o f the m o l e c u l a r system. An answer 
t o the problem o f the r i s i n g number o f b a s i s f u n c t i o n s has been found 
t o l i e i n f i x i n g c e r t a i n c o e f f i c i e n t s r e l a t i v e t o one another i . e . u s i n g 
l i n e a r combinations o f some gaussians on the same c e n t r e e.g. 
• i = I c i k X k d - 8 9 ) 
k 
* k • C l l G l + C 2 l G 2 + c 3 l G 3 ( 1 - 9 0 ) 
I n t h i s way the l a r g e 1 u n c o n t r a c t e d ' b a s i s s e t i s broken up i n t o a 
r a t h e r s m a l l e r b a s i s s e t o f ' c o n t r a c t e d 1 gaussian f u n c t i o n s — . As 
e x p l a i n e d above the o r b i t a l exponents are g e n e r a l l y taken f r o m 
c a l c u l a t i o n s upon i s o l a t e d atoms. For example, using a basis set 
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of 10 ' I s ' and 6 f2p' gaussian f u n c t i o n s , Husinaga— minimised the 
energy of the carbon atom ( 3Pground s t a t e ) w i t h respect to v a r i a t i o n 
of the exponents and c o e f f i c i e n t s . The c o n t r a c t i o n i s then c a r r i e d out 
by i n s p e c t i o n of the exponents-for example, those of large exponent w i l l 
describe the region close to the nucleus - and then taking l i n e a r 
. 1 9 
combinations using the appropriate c o n t r a c t i o n c o e f f i c i e n t s . Dunning— 
has r e c e n t l y provided simple c r i t e r i a f o r e f f i c i e n t c o n t r a c t i o n of large 
basis sets. Of course, i n a molecule the o r b i t a l s w i l l be d i s t o r t e d 
r e l a t i v e to free atom o r b i t a l s , which can be accommodated by o p t i m i s i n g 
the exponents f o r molecular environments. This, however, i s 
computationally expensive and has only been i n v e s t i g a t e d f o r molecules 
20 
of i n t e r e s t to the organic chemist by Pople e t a l — using minimal STO nG 
basis sets. From t h i s a standard set of 'molecular' exponents may be 
obtained. Core o r b i t a l s remain e f f e c t i v e l y unchanged i n going from 
free atom to the colecule, and hence the only exponents worthwhile 
i n v e s t i g a t i n g are those of the valence o r b i t a l s . 
A good example of the advantages, indeed necessity, - of the con-
t r a c t i o n of p r i m i t i v e gaussian f u n c t i o n basis sets may be drawn from 
.21 . . the work of C l e m e n t i — on the hydrogen bonded guanine - cytosme base 
p a i r . The c a l c u l a t i o n of c e r t a i n aspects of the p o t e n t i a l energy 
surface required 8 days of c e n t r a l processor time on the largest 
commercial computer a v a i l a b l e at that time (IBM 360/195) and involved 
the computation, s o r t i n g , r e t r i e v i n g and processing of some 7 x 1 0 1 0 
i n t e g r a l s over gaussian f u n c t i o n s . For the uncontracted basis set of 
334 functions 2.41 x 10 9 i n t e g r a l s would have to be processed i n the 
SCF c a l c u l a t i o n f o r each p o i n t on the p o t e n t i a l energy surface. The 
storage space required would occupy a few hundred magnetic tapes and 
would be p h y s i c a l l y i m p r a c t i c a l . With a contracted basis set of 105 
f u n c t i o n s , however, the i n t e g r a l s could be stored on two magnetic tapes. 
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Functions of the type described by (1.82) are u s u a l l y c a l l e d 
c a r t e s i a n gaussians but t h i s i s not the only way i n which gaussian type 
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functions may be used. P r e u s s — and W h i t t e n — independently proposed an 
a l t e r n a t i v e method of gaussian f u n c t i o n c o n t r a c t i o n to avoid the 
d i f f i c u l t i e s i m p l i c i t i n i n t e g r a t i o n over the angular p a r t of the basis 
f u n c t i o n s . This method produces the desired angular c h a r a c t e r i s t i c s by 
t a k i n g a l i n e a r combination of simple gaussians centred at d i f f e r e n t 
p o i n t s ( f o r example, the lobes of a p type o r b i t a l might be represented 
by two s type functions centred e i t h e r side of the atomic nucleus), and 
i s known as the Gaussian - lobe method. For example, a p-type gaussian 
lobe f u n c t i o n can be expressed as 
gp (7) = Np {exp(-a(r-R°y)2) -exp (-a(r+B?y) 2) > (1-91) 
where y i s a u n i t vector and R° i s a constant d e f i n i n g the distance from 
the o r i g i n or the centre f o r the two simple gaussians. The apparent 
disadvantage of using gaussian lobe functions i s the e x t r a constants 
(R°); however, i t can be shown th a t i f R° i s set equal to Ca ^, where 
a i s the gaussian exponent and c i s a constant (c^P.03) , then f o r a given 
set of gaussian functions using the same exponents the r e s u l t s are 
. . . . 24 c l o s e l y s i m i l a r whether cartesian or lobe basis sets are employed—• 
A f u r t h e r type of gaussian basis set gives promising r e s u l t s f o r 
q u i t e large molecules, known as F l o a t i n g Spherical Gaussian O r b i t a l s 
(FSGO). I n the cases of cartesian and lobe basis sets, c a l c u l a t i o n s 
employing these basis sets have generally been performed w i t h the 
o r b i t a l s centred upon atoms i n the molecule, thus a l l o w i n g i n t e r p r e t a t i o n 
of r e s u l t s i n terms f a m i l i a r to the organic chemist. This i s not, 
however, the case w i t h FSGO basis sets, which are defined by 
• = Kexp ( - ( r - R . ) 2 / ^ 2 ) (1.92) 
where i s the radius of the o r b i t a l i and R^  i s i t s p o s i t i o n . For a 
given basis set, the energy of the molecule i s then minimised w i t h 
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respect to the p o s i t i o n of the gaussian o r b i t a l s and t h e i r r a d i i . The 
ch i e f advantage of these functions l i e s i n t h e i r computational s i m p l i c i t y 
A u s e f u l h y b r i d of the single exponent and gaussian type f u n c t i o n 
20 
approaches may be found i n the STO-nG method of Pople et a l — . This 
method takes a small l i n e a r combination of gaussian functions and f i t s 
them by a l e a s t squares procedure to a Slater type o r b i t a l i . e . each 
STO i s replaced by an atomic o r b i t a l d> * which i s a l i n e a r combination 
of k gaussians (k = 2 - 6) • These combinations are obtained f o r STOs 
w i t h £ = 1 and then uniformly sealed thus ^ I f c . r ) = 3/2 + , ( l i € r J ( 1 # 9 3 ) 
K 
wh ere ^ ( l . r ) = j ^ ^ ( a l k , r ) (1.94) 
*2s ( 1» r> =1 32s> k*2« <«2k'r> ( 1 - 9 5 ) k 
* 2 p ( 1 ' r ) = I V k*2p <°<2k>r> ( 1 - 9 6 ) 
where each g i s a standard gaussian type f u n c t i o n . The values of 3 and a 
are chosen to minimise the i n t e g r a l s 
els = / < * l s - V ) 2 3 T ( 1- 9 7 ) 
e2s + e2p = /<*2s " * 2 s ' ) 2 3 T + / ( * 2 P " V ) 2 3 T (1-98) 
The method i s r a p i d l y convergent and the r e s u l t s simulate those based 
on an STO basis set. The ST0-3G basis set i s , i n p a r t i c u l a r , economical 
to use, and can be applied to q u i t e large molecules. 
25 
As a v a r i a n t of t h i s , Pople et a l — have also used a s p l i t 
valence 4-31G basis set, i n which each inner s h e l l i s represented by 
a s i n g l e basis f u n c t i o n taken as a sura of four gaussians and each 
valence o r b i t a l i s s p l i t i n t o inner and outer p a r t s , described by 3 and 
1 gaussian functions r e s p e c t i v e l y . The expansion c o e f f i c i e n t s and 
gaussian exponents are determined by minimising the t o t a l c alculated 
energy of the atomic ground st a t e . This method allows f o r anisotropy 
i n the valence s h e l l . 
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For atomic systems,—' — where spherical symmetry i s present i t 
i s possible to solve the Hartree-Fock equations numerically, not r e q u i r i 
an e x p l i c i t a n a l y t i c a l form f o r the wave functions but merely a 
t a b u l a t i o n of e l e c t r o n i c density w i t h r. In p r i n c i p l e t h i s could be 
extended to molecular systems, and the exact s o l u t i o n produced i s 
equivalent t o an LCAO expansion to an i n f i n i t e number of terms. For a 
closed s h e l l system the energy corresponding to a p e r f e c t single 
determiental wave f u n c t i o n i s known as the Hartree-Fock l i m i t , and 
excludes e l e c t r o n c o r r e l a t i o n and r e l a t i v i s t i c e f f e c t s . 
1. 5 L i m i t a t i o n s upon Hartree-Fock solutions 
From the proceeding discussion i t w i l l be evident that f o r closed 
s h e l l systems i t i s possible, i n p r i n c i p l e , to approach the Hartree-
Fock l i m i t , p r o viding t h a t a large enough basis set and s u f f i c i e n t 
computer power are a v a i l a b l e . I n general, i n t h i s work the i n t e r e s t 
has been i n r e l a t i v e energies rather than absolute energies. Accurate 
representation of heats of reac t i o n f o r the processes of i n t e r e s t are 
approachable w i t h basis sets which provide t o t a l energies some distance 
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from the Hartree-Fock l i m i t . The work of Pople and coworkers— on 
isodesmic processes - i . e . those i n which bond types and numbers of 
el e c t r o n p a i r s remain the same i n going from reactants to products, 
has shown th a t these reactions may be represented w i t h minimal ST0-3G 
basis sets. However there are c e r t a i n l i m i t a t i o n s inherent i n the 
Hartree Fock d e s c r i p t i o n of molecular e l e c t r o n i c s t r u c t u r e . 
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(a) R e l a t i v i s t i c Correction. The v i r i a l theorem—' — may be w r i t t e n <(r . V V ) o P > 2 < Top) av av (1.99) 
and hence an el e c t r o n i n a region of high p o t e n t i a l w i l l have a 
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correspondingly high k i n e t i c energy. Thus the inner s h e l l or core 
electrons which are close to the nucleus w i l l be subject to r e l a t i v i s t i c 
e f f e c t s , and the heavier the element, the greater the c o r r e c t i o n 
necessary. This energy i s c e r t a i n l y not n e g l i g i b l e and i s d i f f i c u l t 
to estimate but since i t remains e f f e c t i v e l y constant during change of 
atomic environment, the r e l a t i v e energies calculated w i l l not be a f f e c t e d . 
(b) C o r r e l a t i o n Energy. This i s a rather more serious problem and 
r e s u l t s from the f a c t that Hartree Fock theory i s based upon a wave 
f u n c t i o n which i s a product of one-electron o r b i t a l s i . e . each 
e l e c t r o n experiences an average f i e l d provided by the remaining electrons 
without e x p l i c i t consideration of the instantaneous c o r r e l a t i o n of 
e l e c t r o n i c motions. The usual d e f i n i t i o n of c o r r e l a t i o n energy i s that 
i t i s the d i f f e r e n c e between the experimentally observed energy when 
i t has been corrected f o r the r e l a t i v i s t i c term and the calculated energy 
. 3 1 
at the Hartree-Fock l i m i t . Lowdin—- has defined c o r r e l a t i o n energy 
as:the c o r r e l a t i o n energy f o r a c e r t a i n s t a t e w i t h respect to a s p e c i f i e d 
Hamiltonian i s the d i f f e r e n c e between the exact eigenvalue of the 
Hamiltonian and i t s expectation value i n the Hartree-Fock approximation 
f o r the st a t e under consideration or, mathematically, as 
Thus defined i t i s known as the n o n - r e l a t i v i s t i c c o r r e l a t i o n 
energy. The d i f f e r e n c e expressed i n (1.100) r e s u l t s from the f a c t t h a t 
an e l e c t r o n i s an atom w i l l have instantaneous i n t e r a c t i o n s w i t h a l l 
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the other electrons i n the atom, and p a r t i c u l a r l y — w i t h the other 
e l e c t r o n i n the same s p a t i a l o r b i t a l . 
Various methods are a v a i l a b l e f o r estimating c o r r e c t i o n s due to 
c o r r e l a t i o n e f f e c t s . 
( i ) W i t h i n the LCAO-MO formalism: 
(a) Use of p a i r c o r r e l a t i o n energies 
33 
K o l l i s t e r and S i n a n o g l u — have proposed the use of atomic 
) -0t> OVav ( Eccrr exact av (Hartree-Fock) (1.100) 
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c o r r e l a t i o n data, known as the p a i r population method, i n which 
a number of pairs of electrons are assigned to each atomic o r b i t a l 
employed i n a minimal basis set SCF wave f u n c t i o n f o r a molecule. 
The t o t a l c o r r e l a t i o n energy i s then evaluated as a sum over a l l atomic 
o r b i t a l s , of atomic p a i r c o r r e l a t i o n energies, e£j> weighed by the atomic 
o r b i t a l p a i r populations ( i . e . Jj?i where ? i s the Mulliken atomic o r b i t a l 
charge d e n s i t y ) . Thus the t o t a l c o r r e l a t i o n energy i s given by 
Ecorr = Y e..JC. + 7 e.-eC- (1.101) 
i i < j J J 
where the f i r s t term allows f o r c o r r e l a t i o n e f f e c t s between electrons 
centred upon the same atom, and the second f o r electrons centred on 
d i f f e r e n t atoms. 
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Snyder and Basch— have used t h i s method to t r y to estimate the 
c o r r e l a t i o n corrections required f o r the c a l c u l a t i o n of thermo-
chemical data, and some of t h e i r r e s u l t s are shown i n table 1.1. I t 
can be seen t h a t the e f f e c t i s qui t e large. However the e f f e c t upon 
Table 1.1 C o r r e l a t i o n energies f o r some small molecules. 
Molecule Ecorr ( i n t r a - a t o m i c ) (au) 
H2 -0.0409 
C H 4 -0.2952 
C 2 H 6 -0.5288 
C 2 H 4 -0.4772 
HC00H -0.8235 
HCOF -0.8319 
r e l a t i v e energies i s considerably smaller, f o r i f t h i s method i s applied 
to the r e l a t i v e energies of protonated ethylene and e t h y l c a t i o n 
AEcorr ( i n t r a - a t o m i c ) AEcorr (i n t e r - a t o m i c ) 
(ethylcation-pronated ethylene) 
-0.3 k c a l mole 1 0.0 k c a l mole 1 
- 1 * 
+0.7 kcal mole 
*using p o l a r i s a t i o n f u n c t i o n s 
(b) Trie Kartree Fock wave f u n c t i o n may be improved by the i n t r o d u c t i o n 
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of c o n f i g u r a t i o n i n t e r a c t i o n ( C . I . ) — , t h a t i s to all o w the c a l -
culated Hartree-Fock ground s t a t e to mix w i t h other c o n f i g u r a t i o n s 
of the same symmetry. 
(c) C o r r e l a t i o n energies may be estimated by means of a numerical 
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i n t e g r a t i o n of the wave f u n c t i o n — . 
(d) The Hartree Fock method may also be improved by the use of a wave 
f u n c t i o n expressed as a l i n e a r combination of Slater determinants, 
r a t h e r than the usual s i n g l e determinantal wave f u n c t i o n . 
( i i ) Other methods are a v a i l a b l e which are not wif.h5.n the framework of 
the LCAO formalism: 
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(e) The generalised valence bond approach-— 
( f ) C o rrelated wave fun c t i o n s have been used. This necessitates 
dispensing w i t h o r b i t a l wave fun c t i o n s and using f u n c t i o n s which 
38 
include m t e r e l e c t r o m c distance. Such f u n c t i o n s — have the 
e f f e c t of i n t r o d u c i n g a coulomb 'hole' f o r both p a r a l l e l and 
a n t i - p a r a l l e l spins. 
The s i n g l e most important defect of the Hartree-Fock treatment i s the 
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Fig 1.2 Behaviour of Hartree Fock energy and experimental energy as 
functions of i n t e r n u c l e a r distance 
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of the molecule as obtained from Hartree-Fock c a l c u l a t i o n s compared 
w i t h the exact n o n - r e l a t i v i s t i c energies. Expansion of the s i n g l e -
determinantal wavefunction corresponding to the ground s t a t e f o r 
shows t h a t , at large i n t e r n u c l e a r distances, instead of a r r i v i n g at a 
d i s s o c i a t i o n l i m i t 2H, the Hartree-Fock wavefunction behaves i n c o r r e c t l y . 
This arises from spurious i o n i c terms. I t i s found t h a t the Hartree-
Fock energy curve and the exact energy curve are p a r a l l e l to one 
another up to ^2.5 a.u., a distance corresponding to twice the HH 
bond length, the c o r r e l a t i o n energy remaining f a i r l y constant i n t h i s 
r egion. At large i n t e r n u c l e a r distances the c o r r e l a t i o n energy increases 
r a t h e r r a p i d l y and i t i s i n t h i s region t h a t the Hartree-Fock method 
goes s e r i o u s l y astray. Thus bond s t r e t c h i n g up to a c e r t a i n p o i n t w i l l 
be described adequately by Hartree-Fock theory, i . e . the s o l u t i o n w i l l 
remain p a r a l l e l to the exact s o l u t i o n , but i n the extreme case of 
atomisation of a molecule, the c o r r e l a t i o n e r r o r s w i l l r i s e and hence 
heats of atomisation are poorly described w i t h i n t h i s framework. However, 
the p a r a l l e l behaviour of the curves at normal bond distances does mean 
th a t one of the most r e a d i l y c a l c u l a b l e p r o p e r t i e s of a molecule, even 
w i t h a poor basis s e t , i s i t s geometry. Furthermore, i n the absence of 
near degeneracy of s t a t e s , and provided that no differences i n e l e c t r o n 
p a i r i n g are introduced during a molecular change, then r e l a t i v e energies 
w i l l be p r e d i c t e d w i t h accuracy. 
1.6 Symmetry Considerations 
I f the r e s u l t of a c e r t a i n set of operations upon a f i g u r e produces 
an equivalent c o n f i g u r a t i o n , i d e n t i c a l i n a l l respects w i t h the i n i t i a l 
c o n f i g u r a t i o n , then the f i g u r e i s said to possess symmetry, and the 
set of operations are known as symmetry operations which define the 
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'symmetry group 1 or 'group' f o r the f i g u r e — * — . Some of the possible 
symmetry operations a r e : 
E I d e n t i t y operation, leaving a l l points where they were 
Cn Rotation about axis by 2ir/n degrees 
<T(ij) R e f l e c t i o n through plane defined by axes i and j 
i Inversion through a centre of symmetry 
Sn Rotation of 2-rr/n about an axis followed by r e f l e c t i o n through a 
plane perpendicular to i t . 
The set of symmetry operations possessed by a molecule i s known 
as the molecular p o i n t group, and t h i s group i s seen to be a mathematical 
'group' as defined by the f o l l o w i n g r e l a t i o n s : 
( i ) An i d e n t i t y operation E e x i s t s such that ER=RE=R where R i s 
a member of the set 
( i i ) The product of any two operations i n the set i s another element 
i n the set 
( i i i ) M u l t i p l i c a t i o n i s associative i . e . 
P(QR) = (PQ)R (1.102) 
( i v ) There e x i s t s f o r every element R of the s e t , a r e c i p r o c a l 
element S defined as 
RS = SR = E (1.103) 
From the second p o i n t i n ' t h i s d e f i n i t i o n i t i s clear that a 
M u l t i p l i c a t i o n t a b l e ' can be drawn up f o r a group showing the r e s u l t 
of m u l t i p l i c a t i o n of any element of the group by i t s e l f or any other. 
The operations can be divided i n t o c e r t a i n 'classes* defined as ; 
two elements P and Q belong to a class i f 
X*"1PX and X"1QX (1.104) 
y i e l d e i t h e r P or Q f o r any X of the group. 
The next task i n group theory i s to associate w i t h every symmetry 
operation of the group a known mathematical q u a n t i t y having a one to one 
correspondence w i t h each symmetry operation and also obeying the four 
requirements of a group. This c o n s t i t u t e s a 'representation' of the 
group. Cl e a r l y the a s s o c i a t i o n of 1 w i t h every operation w i l l f u l f i l l 
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the d e f i n i t i o n of a representation. Others w i l l usually be found by 
a s s o c i a t i n g 1 w i t h some operations and -1 w i t h others. Another w i l l 
a r i s e from associating w i t h each symmetry operation, a matrix containing 
i n f o r m a t i o n on the coordinates f o r any point i n the molecular before and 
a f t e r the symmetry operation. I n general any set of matrices which 
m u l t i p l y together i n such a way as to s a t i s f y the group m u l t i p l i c a t i o n 
table may be c a l l e d a representation of the group. The case of associating 
1 or -1 w i t h each operation i s a special case where the matrices are of 
order 1. 
A representation i s c a l l e d reducible i f i t i s possible to f i n d 
a m a t r i x a such that by performing a ^ R a on any one of the elements of 
the representation, a new matrix R''" i s obtained being more diagonal than 
R. I f t h i s i s not possible then the representation i s said to be 
i r r e d u c i b l e . 
The 'character* of a representation i s the sum of the diagonal 
elements of one matrix of the i r r e d u c i b l e representation, and a 'character 
table' of the groups i s b u i l t up t o , t a b u l a t i n g the characters f o r each 
operation i n each representation. For example f o r the ammonia molecule 
E (a) (b) (c) C 3(Z) C 3 1(Z) 
r L i i i i i I 
r 2 1 - 1 - 1 - 1 1 l 
r 3 2 o o o - i - l 
I n a p o i n t group containing several operations i t i s not necessary 
to always consider the f u l l symmetry of the group and i t i s possible to 
form smaller sub-groups. The formal way to accomplish t h i s or the reverse 
process i s to form a ' d i r e c t product'. Thus i f there are two groups 
G^ , containing operations R^(i=l,2...n) and, f o r G^ , R. ( j = l,2...m), 
i f a l l tne operation R. and R. commute, then the new group containing 
a l l the products R. R. = R.R- i s c a l l e d the d i r e c t product group. This 
operation may also be performed between i r r e d u c i b l e representations of 
the same group, f o r example i n the ammonia group 
vl x r 1 ; r 2 x r 2 - r x ; r 3 x r 3 = r x + r 2 + r 3 ; r 2 x r x = r 2 » 
r 3 > : r l " F 3 ; r 2 x r 3 = r 3 (1 .104) 
The use of group theory i n quantum mechanics i s extensive and 
some of the uses w i l l be considered. 
(a) I f operation R belongs to the symmetry group of a molecular system, 
then the Schroedinger equation f o r the system may be w r i t t e n 
H^1 = E 1^ 1 (1.105) 
but also 
HRi|;1 = E]R\pl (1.106) 
(b) Molecular o r b i t a l s transform as one of the i r r e d u c i b l e 
representations of the group which provides a us e f u l n o t a t i o n f o r e l e c t r o n i c 
c o n f i g u r a t i o n . Thus f o r ammonia the c o n f i g u r a t i o n i s 
( l r p 2 ( 2 r x ) 2 ( 3 r 1 ) 2 d r 3 ) 4 
(c) I f the d i r e c t product of any i n t e g r a l over molecular o r b i t a l s does 
not contain the V^ representation ( i . e . i s not t o t a l l y symmetric), then 
i t s value i s zero. 
(d) Construction of Symmetry Adapted Functions. This involves taking 
the basis set of functions which represent the symmetry of the component 
atoms of the molecule, and transforming to a basis set w i t h symmetry 
c h a r a c t e r i s t i c s of the molecule as a whole. The general method of 
generation of symmetry adapted functions i s to take one f u n c t i o n $ of the 
basis set and operate on i t w i t h each of the operations of the group. 
The r e s u l t of each operation i s m u l t i p l i e d by the appropriate character 
Xj. of the i r r e d u c i b l e representation and the r e s u l t s summed i . e . 
* t - I X t W » * > (1.107) 
R 
wh ere ^ i s the symmetry adapted f u n c t i o n which transforms l i k e the 
i r r e d u c i b l e r e p n l a b e l l e d t . 
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1.7 Ab I n i t i o and Semi-empirical LCAQ-MQ-SCF ca l c u l a t i o n s 
I n (1.3) the Hartree-Fock equations of the form 
F = 7 J (1.108) 
were derived, where the Fock operator could be w r i t t e n i n the form 
F i j = H°j + 11 P k l " i jk|il» (1-109) 
where 
P k l = 2 2_, Cmk C m l (1.10), H° = / x (p) (-JV* 2£-) x ( u ) d t 
1 J 1 A Au 
(1 .111) 
( i j | k l ) = / / x . ( M ) x k ( v ) ^ X . ( U ) X I ( V ) 8 T u 3 T (1.112) 
and thus where i s the t o t a l e l e c t r o n population i n the overlap region 
between atomic o r b i t a l s k and 1. The s o l u t i o n of the secular equations 
derived from (1.108), i . e . 
I F . . - E S . I =o (1.H3) 1 ij ij 1
requires the evaluation of the c o n s t i t u e n t matrix terms, F... The 
s o l u t i o n of Roothaans equations must be an i t e r a t i v e one i n which an 
i n i t i a l t r i a l set of c o e f f i c i e n t s i s used to evaluate the Fock matrix 
elements and hence solve the secular determinant. This s o l u t i o n leads 
to a b e t t e r approximation to the wave f u n c t i o n i . e . an improved set of 
P . The processes are repeated a number of times, each cycle k l 
o b t a i n i n g an improved set of Pkl u n t i l s u f f i c i e n t consistency i s obtained 
between successive i t e r a t i o n s . Three main c r i t e r i a f o r s e l f consistency 
are used. 
( i ) Convergence of t o t a l energy to w i t h i n s p e c i f i c l i m i t s v i z 10 ^ au 
between successive i t e r a t i o n s , 
( i i ) Convergence of energy components i . e . one and two e l e c t r o n energies 
( i i i ) Comparison of c o e f f i c i e n t s . 
Method ( i ) i s used by F0LYAT0M and method ( i i ) by IBM0L 
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C l e a r l y the main obstacles to the s o l u t i o n of the problem a r i s e from 
the large number of mu l t i c e n t r e i n t e g r a l s ( i . e . 3 and 4 centre two 
el e c t r o n i n t e g r a l s ) r e q u i r i n g e v a l u a t i o n , which place large demands 
upon computer c a p a b i l i t y and hence on upper l i m i t upon the size of 
molecular system f o r which i n v e s t i g a t i o n i s f e a s i b l e . For these reasons 
a number of semi empirical methods have been devised i n which use i s 
made of spectroscopic data f o r parametrisation to reduce the o v e r a l l 
computation necessary. 
(a) A b - i n i t i o methods. I n a b - i n i t i o (non-empirical) Hartree-Fock 
c a l c u l a t i o n a l l i n t e g r a l s of the Fock matrix are evaluated, leading 
i n general to reasonably r e l i a b l e estimates of t o t a l energy and 
populations but the above disadvantages w i t h respect to the l i m i t e d 
size of system which may be reasonably examined. 
(b) Semi-empirical a l l valence e l e c t r o n , Neglect of Diatomic Overlap 
41 . . . Method. This method— represents the closest semi-empirical 
approximation to the a b - i n i t i o approach and i s p a r t i c u l a r l y s u i t a b l e 
f o r s i m p l i f y i n g the Hartree-Fock problem owing t o the s i m p l i c i t y and 
adequacy of i t s approximations, v i z : 
( i ) Only valence electrons are s p e c i f i c a l l y considered, the inner 
s h e l l s being regarded as an unpolarinable core. Thus only atomic 
o r b i t a l s of the same p r i n c i p l e quantum number as that of the 
highest occupied o r b i t a l i n the i s o l a t e d atom are included i n 
the basis set. 
( i i ) Diatomic d i f f e r e n t i a l overlap i s neglected i . e . 
/ x i ( p ) X j ( y ) d x = 0 (1.114) 
i f the o r b i t a l s y a ^ d X; a r ^ not on the same atom, and 
0 (1.115) 
unless and Xj a r e atomic o r b i t a l s of the same atom and \^ and 
X-, are atomic o r b i t a l s also l o c a l i s e d upon a given atom. The 
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diatomic d i f f e r e n t i a l overlap approximation considerably reduces 
the i n i t i a l number of i n t e g r a l s r e q u i r i n g evaluation. A l l three 
and four centre i n t e g r a l s are thus set equal to zero and some 
two centre i n t e g r a l s also. A small atomic o r b i t a l basis set i s 
used f o r i n t e g r a l evaluation. 
(c) Complete Neglect of D i f f e r e n t i a l Overlap method. Even using 
the above approximations i n v e s t i g a t i o n of large molecules necessitates 
the computation of too many i n t e g r a l s and f u r t h e r s i m p l i f i c a t i o n s are 
necessary. These are complicated, however, by the requirement f o r 
r o t a t i o n a l invariance. Thus, w h i l s t the r e s u l t s f o r two centre i n t e g r a l 
e v a l uation i n the non-empirical approach are i n v a r i a n t w i t h respect 
t o an orthogonal transformation of the axes t h i s i s not i n general t r u e 
f o r an approximate treatment, and i n such approaches w i l l be dependent 
upon choice of coordinate systems and o r b i t a l h y b r i d i s a t i o n . To ensure 
the naintainer.ee of r o t a t i o n a l invariance f u r t h e r approximations are 
r e s t r i c t e d to e i t h e r complete neglect of d i f f e r e n t i a l overlap or p a r t i a l 
neglect of d i f f e r e n t i a l overlap methods. I n the Complete Neglect of 
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D i f f e r e n t i a l Overlap method — * — both one and two centre i n t e g r a l s 
i n v o l v i n g d i f f e r e n t i a l overlap are set equal to zero. W r i t i n g the 
e l e c t r o n i c i n t e r a c t i o n i n t e g r a l s 
( i i | j j ^ a s F^g, the Fock matrix elements become 
F. . = H. . + ( P A A - -JP..) r . A +XJ P C D r A T } (1 .116) I X n AA n AA BB AB 
F.. = H . . - i P . . T A p (1 .117) i j I J 2 I J AB 
where yv£ Xj a r e centred on atoms A and B r e s p e c t i v e l y , and P ^ 
are the components of the charge density and bond order matrix 
occ 
P. . = 2 Y^a . a . (1 .118) i j t-^1 mi mj 
and P i s the t o t a l charge density on atom A. 
^ A 
PAA 88 I (1.H9) AA h n l 
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The core m a t r i x element may be separated i n t o two components - the 
diagonal matrix elements of x^ w i t h respect to the one-electron Hamiltonian 
contai n i n g only the core of i t s own atom (U..), and the i n t e r a c t i o n ( V , J 
1 1 AB 
of an e l e c t r o n i n Y. on atom A w i t h the cores of other atoms B. Thus 
1 
«ii="ii- C v A B (1.X20) 
hence F = U.. + ( P ^ -JP..) ^ + C ( P B B ^ - V^) (1 .121) 
BjtA 
and the t o t a l energy may be expressed as the sum of one-and two-atom 
terras 
E = i E A + I i E - (1-122) 
A A A where E . = F P . . U . . + J H ( P . . P . . - | P ? . ) r (1 .123) A h 1 1 1 1 2 h H v n j i z i y AA v ' l l J 
EAB " f ! < 2 P i j H i j - * P i / A B > + < ZA ZBR^ " PAA VAB " ^BB^BB + ^ AA^BB^AB^ 
1 j A D 
(1.124) 
where R i s the i n t e r n u c l e a r distance separating atoms A and B. The 
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i n t e g r a l s are evaluated w i t h the aid of semi-empirical parametrisation: 
( i ) One e l e c t r o n i n t e g r a l U^- An estimate of t h i s i n t e g r a l may 
be obtained from spectroscopic data i . e . 
u i i - - V ^ A - " ( 1 - 1 2 5 ) 
where I i s the i o n i s a t i o n energy of the e l e c t r o n . An improved 
method takes i n t o account the e l e c t r o n a f f i n i t y (A^)» obt a i n i n g 
an ' o r b i t a l e l e c t r o n e g a t i v i t y 1 
u i i = -Hh + V " <V*)rAA < i a 2 6 > 
( i i ) One-centre two-electron i n t e g r a l These are calculated as the 
e l e c t r o s t a t i c r epulsion energy of two electrons i n a Slaters o r b i t a l 
i r r e s p e c t i v e of actual o r b i t a l types involved. Thus 
FAA " //*S 2 (^ f X S 2 ( v ) J t p J t v ( 1 - 1 2 7 ) A uv A 
36. 
( i i i ) Two centre one-electron i n t e g r a l H i j . The resonance i n t e g r a l i s 
regarded as being d i r e c t l y p r o p o r t i o n a l to the overlap i n t e g r a l 
S. . between the o r b i t a l s Y. and Y« centred on A and B re s p e c t i v e l y r J i j 
H.. = S° B S.. (1.128) 
where S l a t e r atomic o r b i t a l s are used to c a l c u l a t e S... To preserve 
r o t a t i o n a l invariance 3 A„ should be c h a r a c t e r i s t i c of x- and x-
AB A i A j 
but independent of t h e i r s p a t i a l p o s i tions and hence the parameter 
i s averaged f o r each atom, 
PAB = i(8A° + 6 B 0 ) ^ - 1 2 9 > 
where 3° and 3g etc. are chosen e m p i r i c a l l y to reproduce 
experimental r e s u l t s or those from ab i n i t i o c a l c u l a t i o n , 
( i v ) Two-centre two e l e c t r o n i n t e g r a l r\g. This i n t e g r a l i s the most 
d i f f i c u l t to evaluate, and i s calculated as 
= < i i | j j > = / / X S 2 ( U ) 7 ^ X s 2 ( V ) 3 T 3T v (1.130) 
A uv B M 
where X c a n c* Xc a r e the Slater s tyne o r b i t a l s f o r the atoms 
SA SB 
A and B. 
(v) Coulomb Penetration V^. The e f f e c t of the i n t e r a c t i o n of an 
e l e c t r o n i n x^ o n atom A w i t h the cores of other atoms B are 
neglected and the coulomb penetration i n t e g r a l s estimated as 
VAB " V A B < l' 1 3 1> 
The o r i g i n a l form of CNDO, due to Pople, Santry and Segal, has 
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now been l a r g e l y superseeded by a repararaetrised form CNDO I I — and t h i s 
i s the programme which has been used i n t h i s work. The main improve-
ment was the i n c l u s i o n of the above penetration i n t e g r a l s i n order to 
reproduce experimental bond lengths w i t h greater accuracy. 
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(d) Intermediate Neglect of D i f f e r e n t i a l Overlap. INDO i s very s i m i l a r 
to CNDO/II and the r e s u l t s obtainable are generally as good or b e t t e r . 
37. 
The basic approximations are the same but the one-centre Fock matrix 
elements are given by 
F i i = U i i + C ( P j k < i i | j k > - P a < i j | i ^ ) +E<P B B- V FAB i o n a t o . A 
J K B£A 
(1.132) 
Thus i n CNDO and INDO methods the Hartree-Fock equations are 
solved a f t e r most of the atomic i n t e g r a l s have been eliminated or 
parameterised from spectroscopic data and the advantages of t h i s approach 
are evident upon examination of table 1.2 which shows th a t number of two 
e l e c t r o n i n t e g r a l s r e q u i r i n g evaluation i n a c a l c u l a t i o n of propane a t 
various le v e l s of s o p h i s t i c a t i o n 
I n t e g r a l s Hartree-Fock 
using minimal NDDO CNDO 
basis set 
1 - centre 368 173 11 
2 - centre 6652 568 55 
3-4 centre 31206 0 0 
t o t a l 38226 741 66 
Table 1.2 Number of two-electron i n t e g r a l s r e q u i r i n g evaluation f o r 
c a l c u l a t i o n s of the propane molecule. 
1.8 Computer Programmes f o r Ab I n i t i o Calculations 
Several packages are now available f o r performing non em p i r i c a l 
c a l c u l a t i o n s on molecular systems. The w r i t i n g and development of these 
programmes requires many man-years of labour and hence once w r i t t e n they 
tend to be generally a v a i l a b l e through organisations such as the Quantum 
Chemistry Programme Exchange. The programmes are required to possess 
c e r t a i n features i n t h e i r basic design, which are: 
( i ) The system should be applicable to general molecular systems i . e . 
not r e s t r i c t e d to p a r t i c u l a r types such as diatomics or l i n e a r 
t r i a t o m i c s . 
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( i i ) They should be l a r g e l y machine independent and thus capable of 
implementation on d i f f e r e n t types of computer. For t h i s 
reason the programmes must be w r i t t e n i n a high l e v e l language, 
which i s i n v a r i a b l y FORTRAN. I n general t h i s requirement i s not 
f u l f i l l e d . 
( i i i ) The system should require minimal input i . e . i t should be possible 
to create p r i o r data f i l e s to avoid the necessity of i n p u t t i n g 
large numbers of cards w i t h the p o s s i b i l i t y of mechancial e r r o r . 
Furthermore, the in p u t should be i n as f l e x i b l e format as 
possible, such as the NAMELIST format. 
( i v ) The system should include r e s t a r t features a t any p o i n t so that 
very long c a l c u l a t i o n s may be run i n steps, 
(v) The system should be as easy to use as possible, and include 
check f a c i l i t i e s t o prevent wastage of machine time. 
( v i ) The system should be capable of running i n a multiprogramming 
environment, which tends to be the mode of operation i n 
u n i v e r s i t y computing l a b o r a t o r i e s . This w i l l depend upon the size 
of the programme. The object code produced by a FORTRAN computer 
i s f a s t i n execution but storage i s i n e f f i c i e n t l y used since the 
arrays used are s t a t i c . Thus the arrays are dimensioned to 
accommodate the lar g e s t molecular system and basis set even f o r a 
comparatively small system. Attempts to implement dynamic arrays 
i n FORTRAN have produced unwieldy r e s u l t s . 
I n the past e f f i c i e n t programming techniques and optimum use o f 
computer resources, such as core s t o r e , drum and disc storage and tape, 
have o f t e n taken second place to the implementation of a working programme. 
Most modern programmes are derived from two approaches, which d i f f e r 
i n t h e i r basic design philosophies: POLYATOM, which was w r i t t e n by 
Barnett, H a r r i s o n — e t . a l . working at M.I.T., i s s u i t a b l e f o r a u n i v e r s i t y 
environment, r e q u i r i n g comparatively small core storage and running 
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time which i s segmented. The programme i s divided i n t o four sections -
i n t e g r a l preparation, i n t e g r a l evaluation, d i a g o n a l i s a t i o n of Fock matrix 
and c a l c u l a t i o n of molecular p r o p e r t i e s , each of which requires about 
200k bytes of core and i s w r i t t e n without overlay s t r u c t u r e . One of the 
es s e n t i a l differences between POLYATOM and IBMOL i s the organisation of 
the i n t e g r a l s . I n POLYATOM, a general i n t e g r a l l i s t i s generated which 
must carry i n f o r m a t i o n concerning i n t e g r a l and type l a b l e s , whereas i n 
IBMOL a l l i n t e g r a l s are computed and organised s e q u e n t i a l l y . IBMOL, which 
was w r i t t e n by Clementi and co-workers— at the IBM Special Research 
Laboratory, San Jose, i s dependent upon the a v a i l a b i l i t y of large scale, 
dedicated computers. Thus the programme u t i l i s e s core storage to the 
f u l l , r e q u i r i n g about 500k bytes of core w i t h overlay s t r u c t u r e . The 
programmes updated successors IBMOL IV and IBMOL V are the versions 
which have been used f o r the ab i n i t i o c a l c u l a t i o n s reported i n t h i s t h e s i s . 
They are w r i t t e n i h the comparatively f a s t FORTRAN H, though some sub-
routines are i n the even f a s t e r , but lower l e v e l , ASSEMBLER, and di v i d e 
i n t o four parts 
( i ) I n t e g r a l Evaluation 
( i i ) Transformation 
( i i i ) S.C.F. procedure 
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( i v ) M u l l i k e n population a n a l y s i s — and dipole moments. This p a r t i s 
generally run as a separate programme, r e q u i r i n g the f i n a l eigen-
vectors from the previous section (which are output i n card form) 
as i n p u t . 
The organisation of the IBMOL IV i s shown i n flow chart form i n f i g . 1.3. 
4 0 . 
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O N E E L E C T R O N 
I N T E G R A L 
R O U T I N E S 
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I N T E G R A L 
R O U T I N E S 
D E L E T E 
A N D 
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I T E R A T I O N 
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P O P U L A T I O N 
A N A L Y S I S AND 
• IPOLE MOMENT 
ROUTINES 
Fig 1.3 Flow chart f o r IBMOL IV 
Coordinates are i n p u t i n atomic u n i t s followed by basis set data. 
Gaussian f u n c t i o n s are used and these may be uncontracted or contracted 
as required and hence the input i s a set of exponents and a set of con-
t r a c t i o n c o e f f i c i e n t s . The number of i n t e g r a l s t o be evaluated i s 
approximately p r o p o r t i o n a l to the f o u r t h power of the number of basis 
functions used and hence storage and handling of the i n t e g r a l s of a system 
w i t h even only a moderate basis set i s problematic. I n IBMOL V the i n t e g r a l s 
are organised i n t o a supermatrix form as f o l l o w s . The one e l e c t r o n i n t e g r a l s 
are ordered i n t o a K by N matrix (where N i s the number of basis f u n c t i o n s ) , 
and i f symmetry adapted functions are used, then many can be set to zero 
immediately, and the m a t r i x takes a block diagonal form. The two e l e c t r o n 
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i n t e g r a l s may be divided i n t o the two groups of coulomb and exchange 
i n t e g r a l s (known as J and K r e s p e c t i v e l y ) . 
I f there are two representations T and T then the coulomb i n t e g r a l 
A u 
may be defined as 
J A »ukl = (charge d i s t r i b u t i o n (charge d i s t r i b u t i o n 1 f o r e l e c t r o n (1) ) X e l e c t r o n (2) ) X 
(1.133) 
* K Xi Aj ; ^ ruk r u l ; 8 t 1 9 t 2 
and f o r each J i n t e g r a l , a K i n t e g r a l i s defined by t r a n s p o s i t i o n of 
indecies 
* /^ "v"V2V2> t »V<2> 
Thus (£ n (n + l ) / 2 ) charge d i s t r i b u t i o n s are calculated and organised , A A A 
i n t o a vector of t h i s length, c a l l e d a supervector. This i s done f o r both 
e l e c t r o n (1) and elec t r o n (2) and then the J (or the K) i n t e g r a l s are 
organised i n t o a matrix of dimension (T n. ( n A + l ) / 2 ) x (7 n^ (n. + l ) / 2 ) 
A A 
cal l e d the J (or K) supermatrix. A copy of the i n t e g r a l s i s kept on 
magnetic tape as i t may be decided, at a l a t e r date,to perform another 
c a l c u l a t i o n on the same system w i t h some of the centres having changed 
coordinates, t h i s being f a c i l i t a t e d by the MOVE ro u t i n e . With IBMOL IV 
i t was also possible to add new atoms but t h i s i s not possible using IBMOL V 
owing to the supermatrix organisation. 
Using IBMOL V, three types of basis f u n c t i o n c o n t r a c t i o n are possible. 
These are 
( i ) Functions of the same type, upon the same centre. This i s the 
co n t r a c t i o n , usual w i t h gaussians, discussed previously i n section 
1.4. 
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( i i ) Functions of d i f f e r e n t type, but on the same centre. This i s 
used f o r c o n s t r u c t i o n of hydridised o r b i t a l s . 
( i i i ) Functions of mixed type on mixed centres. This i s used f o r the 
generation of symmetry adapted functions. 
For the SCF p a r t a set of s t a r t i n g ' t r i a l 1 vectors i s required. 
A f t e r three i t e r a t i o n s of the Fock matrix d i a g o n a l i s a t i o n process, an 
e f f i c i e n t e x t r a p o l a t i o n routine i s c a l l e d up and hence the s t a r t i n g vectors 
are not required to be of great accuracy. Generally these are taken from 
a previous semi-empirical c a l c u l a t i o n . The point at which convergence 
(CNDO/II) of the energy components i s judged to have been reached i s set by 
the value s p e c i f i e d on the in p u t . When the Fock matrix i s thus judged to 
be diagonalised the programme terminates and the output f i l e i s ready t o 
be p r i n t e d . The r e l a t i v e timing w i t h i n the SCF section may be divided 
v 30% Fock matrix d i a g o n a l i s a t i o n 
70% Assembly of Fock matrix 
and hence i t i s clear t h a t the i n t e g r a l f i l e s must be stored on a f a s t 
random access f a c i l i t y . 
The output format has changed somewhat w i t h the i n t r o d u c t i o n of 
IBMOL V but both are b a s i c a l l y s i m i l a r . The output takes the form 
( i ) P r i n t o u t of Input data 
( i i ) P r i n t o u t of one elec t r o n i n t e g r a l s 
( i i i ) Information about SCF p a r t - no. of i t e r a t i o n s e t c . 
( i v ) F i n a l values of t o t a l and e l e c t r o n i c energies 
(v) F i n a l set of eigenvalues and eigenvectors 
I t i s also usual t o use the f a c i l i t y i n both programmes to have a card 
output of the f i n a l set of vectors, which may then be used as p a r t of the 
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input i n t o a programme to perform a M u l l i k e n — population analysis. 
IBMOL IV was implemented on the Northumbrian U n i v e r s i t i e s M u l t i p l e 
Access Computer IBM 360/67 which had i n i t i a l l y 512K bytes of core, backed 
up by a drum store, eight disc d r i v e s and two magnetic tape d r i v e s . Input 
was v i a a card reader which could also punch cards f o r output i f 
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required (a us e f u l f a c i l i t y f o r punching a set of f i n a l vectors f o r use 
as input to the Mulliken population analysis programme), and output was 
v i a a l i n e p r i n t e r . During the time when IBMOL IV was being used f o r 
the c a l c u l a t i o n s described i n t h i s thesis the computer had the above 
mentioned core size of 512k bytes which was i n s u f f i c i e n t core space to 
implement the programme, and hence i t was necessary to generate a v i r t u a l 
machine by means of continuous t r a n s f e r of information between core 
and drum s t o r e . This r e s u l t e d i n the a v a i l a b i l i t y of close on a m i l l i o n 
bytes of v i r t u a l core, but at a reduced e f f i c i e n c y of ~80%. IBMOL IV was 
an i n t e r a c t i v e programme i n which safety copies of i n t e g r a l s could be 
organised from the console. 
IBMOL V was implemented on the IBM 360/195 at the Atlas Computing 
Laboratory. 
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I I ELECTRON SPECTROSCOPY FOR CHEMICAL APPLICATIONS (ESCA) 
1.9 ESCA - An I n t r o d u c t i o n 
The technique of Electron Spectroscopy f o r Chemical App l i c a t i o n s 
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(ESCA)— i s a comparatively new and very powerful molecular probe, which 
has a wide range of a p p l i c a t i o n i n many f i e l d s of chemistry. The approach 
divides i n t o two main areas - low energy e l e c t r o n spectroscopy, ( U l t r a -
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v i o l e t Photoelectron Spectroscopy— or UPS), i n which only valence o r b i t a l s 
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are i n v e s t i g a t e d , and high energy e l e c t r o n spectroscopy, (E.S.C.A.)—, 
i n which the inner s h e l l or core electrons are the main concern. Since 
the work reported i n t h i s thesis has been performed w i t h the use of the 
l a t t e r technique only, the former w i l l not be considered f u r t h e r . E.S.C.A. 
involves the measurement of the k i n e t i c energies of electrons expelled 
from the core l e v e l s of atoms or molecules by phot o i o n i s a t i o n due to an 
in c i d e n t beam of monochromatic X- r a d i a t i o n of accurately known energy. 
The e l e c t r o n binding energy i s obtained as the di f f e r e n c e between 
the quantum energy of the e x c i t i n g r a d i a t i o n hv, and the measured k i n e t i c 
energy, E ^ 
E = hv - E . (1.136) B k i n 
I n core e l e c t r o n spectroscopy the atoms i n a molecule r e t a i n t h e i r 
atomic i n d i v i d u a l i t y and show c h a r a c t e r i s t i c b inding energy ranges by 
which they are r e a d i l y i d e n t i f i e d . The o v e r a l l i n t e n s i t i e s of peaks 
a r i s i n g from p h o t o i o n i s a t i o n of core electrons may be used f o r 
q u a n t i t a t i v e analysis. 
T r a d i t i o n a l l y core electrons are regarded as being unaffected by 
the chemical environment i n which the atom i s s i t u a t e d , however these 
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leve l s are subject to chemical s h i f t s , — , analysis of which can y i e l d 
valuable i n f o r m a t i o n . As a spectroscopic t o o l ESCA has several advantages. 
The sample may be a s o l i d , l i q u i d or gas and the technique i s 
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e s s e n t i a l l y non-destructive. 
Sample requirement i s modest, i n favourable cases lmgm of a s o l i d , 
O . l y l of l i q u i d or 0.5cc of a gas (STP). 
The technique has high s e n s i t i v i t y , i s independent of the spin 
p r o p e r t i e s of any nucleus and i s applicable i n p r i n c i p l e to any element 
of the p e r i o d i c table w i t h the exceptions of hydrogen and helium where 
the core l e v e l s are also the valence l e v e l s . 
The info r m a t i o n obtained i s d i r e c t l y r e l a t e d to the e l e c t r o n i c 
s t r u c t u r e of a molecule and the t h e o r e t i c a l i n t e r p r e t a t i o n i s r e l a t i v e l y 
s t r a i g h t forward. 
Information can be obtained on both the core and valence energy 
leve l s of molecules. 
1.10 Basic Processes involved i n ESCA 
I n ESCA samples are i r r a d i a t e d w i t h X-rays of known energy, 
t y p i c a l l y MgK (1253.7eV) or A1K (1486.6eV) when electrons having 
a l , 2 a l , 2 
a binding energy less than the energy of the e x c i t i n g r a d i a t i o n may be 
ejected, a l l o w i n g the study of both core and valence electrons. Thus i n 
the emission of a Is e l e c t r o n from a gaseous sample, the k i n e t i c energy 
of the photoelectron w i l l be given by 
KE = hv - BE - E^ (1.137) 
where E^ i s the r e c o i l energy of the sample. This l a s t term i s us u a l l y 
n e g l i g i b l e except where high energy X-rays are used w i t h l i g h t atoms. 
For the species studied i n t h i s work, energy differences due to r e c o i l 
energy may be ignored. 
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Fig. 1.4 The p h o t o i o n i s a t i o n process 
E l e c t r o n i c r e l a x a t i o n w i l l f o l l o w the process of p h o t o i o n i s a t i o n , f i g . 1.4 
and t h i s may occur by means of one of two processes, shown d i a g r a m a t i c a l l y 
i n Fig. 1.5 
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Fig. 1.5 Diagram of r e l a x a t i o n processes f o l l o w i n g p h o t o i o n i s a t i o n . 
These processes are 
... v . . 50,51 ( i ) X-ray emission 
+ * + (A ) *- A + hv 
/' • \ A 5 2 - 5 5 ( n ; Auger p r o c e s s — — 
2 
(A ) »- A + e ? 
The r e l a t i v e p r o p o r t i o n of these which occur i s dependent upon the atomic 
number of the element, and both are studied as spectroscopic t o o l s . I n 
process ( i ) , the energies of the emitted X-rays give i n f o r m a t i o n on the 
diff e r e n c e s i n energy l e v e l s i n the sample (subject to the s e l e c t i o n 
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rules Al = ±1, Aj = ±1,0). A s i m i l a r technique i s X-ray absorption 
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s p e c t r o s c o p y — where the X-ray beam i s passed through the sample and the 
i n t e n s i t y of the transmitted r a d i a t i o n measured as a f u n c t i o n of wave-
length. Absorption edges are produced corresponding to the energy 
required f o r the e x c i t a t i o n of an e l e c t r o n from one of the inner s h e l l s to 
the lowest unoccupied l e v e l . I n process ( i i ) , Auger e l e c t r o n emission, 
an e l e c t r o n from an outer s h e l l once again f i l l s the lower vacancy but 
the energy change i n the process r e s u l t s not i n photo-emission but i n 
the expulsion of another electron to leave a doubly ionised state. This 
process i s more probable f o r elements of lower atomic number than i s 
X-ray emission but may be r e a d i l y d i s t i n g u i s h e d from the primary photo-
electrons since t h e i r k i n e t i c energy w i l l be independent of the energy of 
the e x c i t i n g r a d i a t i o n . 
The i n i t i a l i o n i s a t i o n of a core e l e c t r o n w i l l r e s u l t i n the sudden 
p e r t u r b a t i o n of the valence cloud, which may lead to the simultaneous 
e x c i t a t i o n ("shake-up") or emission ("shake-off") of an outer e l e c t r o n , — 
from which ar i s e s a t e l l i t e peaks corresponding to electrons of lower 
k i n e t i c energy than the main p h o t o i o n i s a t i o n peak 
KE = hv - BE - E (1.138) 
where E i s the energy of the shake-up or shake-off process. 
The n a t u r a l d e f i n i t i o n of the binding energy of an e l e c t r o n i n a 
fr e e atom or molecule i s the energy required to remove the e l e c t r o n from 
a given l e v e l to i n f i n i t y ( i . e . the vacuum l e v e l ) . For a s o l i d sample, 
however, the s i t u a t i o n i s not so s t r a i g h t f o r w a r d , since the outer 
e l e c t r o n i c l e v e l s are broadened i n t o bands and a p o t e n t i a l b a r r i e r e x i s t s 
at the surface. Fig. 1.6 shows th a t the measurement of a binding energy 
of an e l e c t r o n i n a s o l i d sample w i l l be given by 
BE = hv - d> - T -E (1.139) Tsp sp r 
where $ i s the spectrometer work f u n c t i o n and T i s the k i n e t i c energy sp sp 
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Fig. 1.6 Measurement of core b i n d i n g energy i n a s o l i d sample 
of the photoelectron i n the v i s c i n i t y of the spectrometer. The most 
convenient reference l e v e l f o r photoelectrons a r i s i n g from s o l i d samples 
i s thus the Fermi l e v e l , E^, defined f o r metals by 
/ 0t. r(E)dE = 11 where N(E) = Z(E)F(E) (1.140) 
where Z(E) i s the density of states f o r electrons ( i . e . the number of 
energy l e v e l s between E and E + AE) , F(E) i s the Fermi p r o b a b i l i t y 
d i s t r i b u t i o n s , the p r o b a b i l i t y that a Fermi p a r t i c l e i n a system i n 
thermal equiLibrium at temperature T w i l l be i n a s t a t e w i t h energy E. 
F (E) = ( e ( E " i ; f ) / k T + I ) " 1 ( k T « E f ) (1.141) 
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N i s the t o t a l number of electrons i n the system and the electrons f i l l 
the a v a i l a b l e states up to the Fermi l e v e l . Thus i n f i g . 1.6 ph o t o i o n i s a t i o n 
i s occuring from a core l e v e l i n a s o l i d sample which i s i n e l e c t r i c a l con-
t a c t w i t h the spectrometer. Thus the Fermi levels of sample and spectrometer 
are the same and any differences between the work functions of the sample and 
spectrometer gives a difference i n m a c r o p o t e n t i a l — * — and an e l e c t r i c f i e l d 
arises i n the space between the sample and the spectrometer. Hence the k i n e t i c 
energy of the photoelectron when i t enters the analyser i s s l i g h t l y d i f f e r e n t 
from the energy i t possessed on emerging from the sample. Thus the former 
k i n e t i c energy i s measured and taking zero binding energy to be at the 
Fermi l e v e l and ig n o r i n g r e c o i l energy gives 
BE = hv - * s p - T s p ( U W 2 ) 
Thus using the Fermi l e v e l as the reference means th a t the binding energy 
w i l l be independent of the sample work f u n c t i o n but dependent upon the 
spectrometer work f u n c t i o n , a constant c o r r e c t i o n . I n order f o r the 
Fermi lev e l s to adjust to thermodynamic e q u i l i b r i u m a s u f f i c i e n t number 
of free charge c a r r i e r s must be present. I n the case of i n s u l a t i n g 
samples a s u f f i c i e n t number of free charge c a r r i e r s i s formed during 
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X - r a d i a t i o n — ( t h i s includes a l l the species studied i n t h i s t h e s i s ) , however 
a surface b u i l d up of charge may occur, thus s h i f t i n g a l l the energies of 
the emitted electrons s i g n i f i c a n t l y ( t y p i c a l l y one or two eV f o r the 
systems studied i n t h i s work). For core i o n i s a t i o n s from atom A i n a 
molecule AX the binding energies i n s o l i d (e) and vapour (b) may be r e l a t e d 
by 
AX(s) ^ AX(g) (a) 
AX(g) *AX +(g) + e"(v) (b) 
*AX +(g) ^ *AX+ ( i n s o l i d AX) (c) 
e~(7) e~ (Fermi) (d) 
AX(s) *AX+ ( s o l i d AX) + e (Fermi) (e) 
51. 
where * represents a core l e v e l vacancy. The binding energy d i f f e r e n c e 
between s o l i d and vapour th e r e f o r e w i l l depend on the sample work f u n c t i o n 
(d) and also the energy required to move a molecule of AX from the s o l i d 
(a) and the energy of p l a c i n g the core i o n i s e d species *AX+ back i n t o the 
s o l i d . However, f o r molecules i n the absence of strong i n t e r a c t i o n s i n 
the s o l i d phase the s h i f t s i n b i n d i n g energy are s i m i l a r to those i n gases, 
but the a c t u a l binding energies are higher i n gases due to the d i f f e r e n c e 
i n reference l e v e l . This i s shown d i a g r a m a t i c a l l y i n f i g . 1.7. 
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Fig. 1.7 Relationship between binding energies measured i n Che s o l i d 
and gas phases. 
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The s h i f t i n binding energy w i l l be given by the d i f f e r e n c e i n 
i o n i s a t i o n p o t e n t i a l s measured w i t h reference to the vacuum l e v e l 
A = ( 1A-Vvac ( 
' ( I A " V F + <AHlub - & H " s u b ) ( l a 4 3 ) 
For d i f f e r e n t samples the s h i f t w i l l be given by 
A = ( IA ~ Vvac 
= < i A - i x ) F + ttA- + x ) + (tA-y 
+ ( A H X - AH A) + (AH A - AH x ) (1.144) 
However, f o r cl o s e l y r e l a t e d materials i n contact w i t h the spectrometer 
(4>A - * x> * 0 (1.145) 
( 6A " V * ° (1.146) 
( A H X - A H A ) + (AH A - A H ' x ) * 0 (1.147) 
i . e . ( I A - I v ) ~ ( I A - I ) (1.148) A X 7vac A X F 
1.11 Theoretical I n t e r p r e t a t i o n of Core Binding Energies 
T h e o r e t i c a l treatments are f e a s i b l e only f o r i s o l a t e d molecules 
and i n the l a s t section the r e l a t i o n s h i p between s o l i d phase and gas 
phase measurements was discussed. The absolute binding energies are not 
of r e l a t i v e importance but i t i s the r e l a t i v e binding energies f o r 
which t h e o r e t i c a l i n t e r p r e t a t i o n i s required. 
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F i g . 1.8 R e l a t i o n s h i p between experimental, Koopmans and hole s t a t e 
binding en e r g i e s . 
F i g . 1.8 shows the r e l a t i o n s h i p between experimental, Koopmans' 
theorem and hole s t a t e binding energies. Thus the energies c a l c u l a t e d 
for the ground s t a t e w i l l require r e l a t i v i s t i c and c o r r e l a t i o n energy 
c o r r e c t i o n s to y i e l d the absolute energies, and s i m i l a r l y t h i s w i l l apply 
a l s o to the i o n i s e d s t a t e , with the added complication that the energy 
of the i o n i s e d s t a t e w i l l be c a l c u l a t e d too high s i n c e an a p p l i c a t i o n 
of Koopmans' theorem does not allow for the r e l a x a t i o n of an i o n i s e d 
s t a t e dife to e l e c t r o n i c r e o r g a n i s a t i o n . R i c h a r d s — has made an examination 
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of the approximations inherent i n the i n t e r p r e t a t i o n of photoelectron 
sp e c t r a by means of molecular o r b i t a l c a l c u l a t i o n and the ap p l i c a t i o n of 
Koopmans1 Theorem. 
From f i g . 1.8 i t may be seen that 
I ^ o t 1 = (E. - E A * + ) = AE (1.149) A A A 
= « EA>HF " <EA*+>HF) + (E A - E A * + ) + (E A - E A * ! ) (1.150) 
corr c o r r ' v r e l r e l ' v 
* < 4 - ^ r e l a x ) + < Ecorr " O + ( E r e l " Cl> 
^ o t 1 = ( E A 6 + " E 1 V ) " i E A 6 + ( 1 - 1 5 2 ) 
S h i f t i n Binding Energy 
A&+ A A = I - I = AE 6+ ~ AE. (1-153) pot pot A A 
= A ( A E ^ + - AE A ) + A ( A E A 6 + - AE A ) + A ( A E A 6 | - AE A _ ) (1.154) HF HF corr corr r e l r e l 7 ' 
= A ( e A 6 + - A + A(AE A 5 r - AE A ) HF r e l a x r e l a x 7 
+ A ( A E A 6 + - AE A ) + A ( A E A 6 t -AE A ) (1.155) corr c o r r 7 r e l r e l 
But for core o r b i t a l s one can approximate 
A(A(AE ) ) - 0 (1.156) corr 
A(A(AE - ) ) * 0 (1.157) r e l 
A(A(AE . ) ) = 0 (1.158) r e l a x 
and hence the s h i f t i n the binding energy of the core o r b i t a l s may be 
taken as 
A = A ( e A 6 + - e * ) ^ (1.159) 
This r e s u l t i s of c r u c i a l importance for the i n t e r p r e t a t i o n of 
core binding energy measurements by means of quantum mechanical c a l c u l a t i o n , 
and table 1.3 shows some experimental and c a l c u l a t e d binding energies 
to i l l u s t r a t e t h i s . Whilst the absolute magnitudes of the energies are 
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Table 1.4 P a i r C o r r e l a t i o n energies for f i r s t row atoms 
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not i n good agreement, the s h i f t s r e l a t i v e to methane are described quite 
w e l l by c a l c u l a t i o n . 
I n table 1.4 i s shown some values for p a i r c o r r e l a t i o n energies 
i n f i r s t row atoms, which can be seen to be f a r from n e g l i g i b l e . An 
i n t e r e s t i n g s e r i e s r e s u l t s i f the d i f f e r e n t types of c o r r e l a t i o n i n t e r a c t i o n 
are placed i n descending order. The s e r i e s shows the same order as that 
6 2 
described by G i l l e s p i e and Nyholm— to discuss the geometry of molecules. 
Examination of the table shows that the p a i r c o r r e l a t i o n energies for core 
l e v e l s are i n t r a - o r b i t a l whereas for the valence s h e l l c o r r e l a t i o n 
energies between d i f f e r e n t o r b i t a l s can be s u b s t a n t i a l . Thus i t may be 
concluded that o v e r a l l c o r r e l a t i o n energy cor r e c t i o n s for core o r b i t a l s 
are of l e s s importance than for valence o r b i t a l s , where the change of 
c o r r e l a t i o n energy on i o n i s a t i o n depends markedly on the l o c a l i s a t i o n 
c h a r a c t e r i s t i c of the o r b i t a l . 
A d e t a i l e d study of the ionised s t a t e s of the CH molecule with 
4 
a b a s i s s e t approaching the Hartree Fock l i m i t has been made by Clementi 
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and P o p k i e — . These have demonstrated that for the I s hole s t a t e the 
c o r r e l a t i o n energy i s e x a c t l y the same as for the n e u t r a l molecule. In 
t h i s example, then, c o r r e l a t i o n energy makes no contribution to the 
binding energy of the I s e l e c t r o n which i s given w i t h i n experimental e r r o r 
as the energy d i f f e r e n c e at the Hartree Fock l i m i t . However, the 
d i f f i c u l t y and expense of such c a l c u l a t i o n s provides impetus for the 
development of computationally simpler models. 
Table 1.5 shows the r a d i a l maxima of the o r b i t a l s of the neon atom 
as a function of i o n i s e d s t a t e . The f i r s t removal leaves the r a d i a l 
maximum for the other e l e c t r o n almost unchanged whereas the valence 
elect r o n s r e l a x to accommodate the e f f e c t of the r i s i n g e f f e c t i v e nuclear 
charge. Hence, r e l a x a t i o n energy neglected in Koopraans'Theorem i s 
associated e s s e n t i a l l y with valence e l e c t r o n s . To describe adequately 
s h i f t s by non-empirical treatments i t i s necessary, therefore, to have 
Table 1.5 Radial maxima of the 
of i o n i s e d s t a t e — . 


























an adequate d e s c r i p t i o n of the valence s h e l l . This r e q u i r e s a p h y s i c a l l y 
balanced b a s i s s e t . This i s not n e c e s s a r i l y a w e l l conditioned 
fu n c t i o n of the absolute s i z e of the b a s i s s e t , f o r example, f i g . 1.9 
shows s c h e m a t i c a l l y how s h i f t s i n core binding energies derived from 
Koopmans' theorem might depend upon the b a s i s s e t used. Thus i t i s 
Physical ly b a l a n c e d b a s i s s e t s 
A** It HF v a l u a / \ Exarr tp l i of large basis s e t for core M a g i c bas is s a t 
s mal l v a i s n c e 
o rb i ta ls 
s i z e of b a s i s s e t 
F i g 1.9 Dependence of c a l c u l a t e d chemical s h i f t upon the nature of the 
b a s i s s e t used. 
p o s s i b l e to have a r e l a t i v e l y small b a s i s s e t with an inadequate d e s c r i p t i o n 
of cores (and therefore a poor t o t a l energy) but a reasonable d e s c r i p t i o n 
of the valence o r b i t a l s which gives a good approximation to the s h i f t s 
at the Hartree Fock l i m i t . By c o n t r a s t , i t i s a l s o p o s s i b l e to have a 
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l a r g e b a s i s s e t with very good d e s c r i p t i o n of the cores (and therefore 
a good t o t a l energy) with an adequate d e s c r i p t i o n of the valence o r b i t a l s . 
The various t h e o r e t i c a l models a v a i l a b l e for the i n t e r p r e t a t i o n of 
s h i f t s i n molecular core binding energies w i l l now be discussed i n f u r t h e r 
d e t a i l . 
( i ) Ab I n i t i o c a l c u l a t i o n upon molecule and ion, i . e . c a l c u l a t i o n of 
Hole S t a t e s . The binding energy of a core e l e c t r o n can be expressed aa 
E = E. - E r (1.160) core i f 
where E. and E are the t o t a l energies of the i n i t i a l and f i n a l i o n i s e d 
I f 
s t a t e respec. Both may be expressed as 
E. = E*P + E C ? r r + E ! e l (1.161) 
I I 1 1 
E f = E f + E ^ o r r • E * e l (1.162) 
HF 
where - energy of i n i t i a l s t a t e at HF l i m i t 
E (T° r r - con t r i b u t i o n due to e l e c t r o n c o r r e l a t i o n I 
r e l . . . . . E. - con t r i b u t i o n due to r e l a t i v i s t i c e f f e c t s l 
hence Ecore - ( E £ - E f ) H F + ( E £ - E f ) C O r r + ( E i - E f ) r e l (1.163) 
3 
For removal of a I s e l e c t r o n from a carbon atom ( P ) , approximate 
magnitudes are 
(E. - E t ) H F -285 eV (1.164) 
( E £ - E t ) C O r r -0.8 eV (1.165) 
(E. - E ) r e l -0.4 eV (1.166) l t 
and c l e a r l y the c o r r e l a t i o n and r e l a t i v i s t i c c o r r e c t i o n s are small ( f o r 
small z ) . The s h i f t i s expressed by 
A s h i f t = (lE ~ 2 E ) 
= ( 1 E . - \ - \ • 2 E f ) H F • ( \ ~ % - \ • 2 E f ) C O " 
+ ( L E . - hf - 2 E . + V ) r e l (1.167) l f l f 
60. 
The second and t h i r d terras depend upon d i f f e r e n c e s between small 
q u a n t i t i e s and anyway the c o r r e l a t i o n and r e l a t i v i s t i c terms are not 
g r e a t l y a f f e c t e d by changes i n e l e c t r o n i c environment, hence the s h i f t s 
are dominated by the f i r s t term. C a l c u l a t i o n s w i t h i n these approximations 
can u s u a l l y p r e d i c t s h i f t s to w i t h i n a few tenths of an eV. 
( i i ) Ab I n i t i o c a l c u l a t i o n s on a molecule and a p p l i c a t i o n of Koopmans 
13 
theorem—. The n e c e s s i t y for the development of computationally l e s s 
expensive models has already been s t r e s s e d , and, to some extent, a p p l i c a t i o n 
of Koopmans Theorem meets t h i s requirement. For a closed s h e l l molecule 
described by 
*M - I * . * J ( i a 6 8 ) 
the t o t a l energy w i l l be given by 
k 
E M = Y~2 e - (2J " K ) + V (1.169) M * — ' r f-—' r s r s nn r=a p a i r s r s 
and the o r b i t a l energies may be expressed as 
£ r = < O r H v 2 - ] £ f S - | * r > + £ (2Jrs - K r s ) (1.170) 
n n l s-a 
k 
= H C o r e + (2J ~ K ) (1.171) r r L—' r s r s s=a 
hence 
£ ^ - t z K r + & v s - K r s ) d.172) 
r=a r - a r=a s=a 
k 
(2J - K ) = 2 Y2 (2J e " K L — J r s r s .— r s r: now, ^ U J " \ s ) = * Z-/ ^ J r s r s ) (1-173) r=a s=a p a i r s r s 
thus, Y2 e = 5 j H ' ! r e + 2 Y2 (2J " K ) (1-174) r * — ' r r .— r s r s r=a r=a p a i r s r s 
E = y ~ ; H c o r e + Y2 <2J - K > + V a.175) M L — ' r r .—' r s r s nn r=a p a i r s r s 
I f an e l e c t r o n i s removed from one spin o r b i t a l , then the energy 
3. 
of the i o n i s e d s t a t e (assuming the wavefunctions of the other e l e c t r o n s 
remain unchanged) w i l l be given by 
V * l * b # J (1.176) 
M., , , H C O r e + ( J - K ) + V (1.177) M t—J r r * — ' v r s r s ' nn r - i p a i r s r s 
r * a s/a 
k 
hence E M - E M + = H C O r e + Y~v (2J - K ) (1.178) M M aa /—/ v as as* s=a 
= e 
a 
i . e . the i o n i s a t i o n p o t e n t i a l may be equated to the o r b i t a l energy. I n 
p r a c t i s e , of course, i n going to the i o n i s e d s t a t e there i s a change i n the 
wave func t i o n , and t h i s r e l a x a t i o n , or r e o r g a n i s a t i o n , produces a lowering 
of energies. Thus use of Koopmans' theorem p r e d i c t s values for i o n i s a t i o n 
p o t e n t i a l s that are too large. However, as discussed e a r l i e r , for core 
e l e c t r o n s the degree of l o c a l i s a t i o n i s l a r g e l y independent of the atomic 
chemical environment, making the r e o r g a n i s a t i o n energy approximately 
constant for a given core l e v e l . Thus 
A . = A£ + AE + AE + AE . (1.179) s h i f t reorg c o r r r e l 
and by an approximate c a n c e l l a t i o n of e r r o r s 
A * Le (1.180) s h i f t 
Thus for l i m i t e d s e r i e s of c l o s e l y r e l a t e d molecules, Koopmans' Theorem 
gives an adequate i n t e r p r e t a t i o n of chemical s h i f t s of core l e v e l s but the 
method w i l l break down when r e l a x a t i o n energies do not remain f a i r l y 
constant between members of the s e r i e s i n question. 
( i i i ) Charge P o t e n t i a l model. The charge p o t e n t i a l model r e l a t e s core 
e l e c t r o n binding energies on the atom from which core i o n i s a t i o n takes 
place and the p o t e n t i a l from the charges i n the remainder of the molecule. 
Since the core e l e c t r o n s are l o c a l i s e d upon t h e i r r e s p e c t i v e atoms then 
the change i n e l e c t r o n i c environment i n going from one molecule to another 
i s due to changes i n the d i s t r i b u t i o n of the valence e l e c t r o n s . T h i s 
d i s t r i b u t i o n can be regarded as providing a p o t e n t i a l against which work 
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must be done to p u l l a core e l e c t r o n from an atom. 
I n i t i a l l y t h i s approach was taken to the l i m i t , by saying that 
the lower the e l e c t r o n i c density on the atom being considered, the 
more d i f f i c u l t would be the removal of a core e l e c t r o n . Whilst t h i s 
i s a reasonable approach i n a s p e c i f i c s e r i e s , g e n e r a l l y to consider 
that the p o t e n t i a l a r i s e s only from the l o c a l valence e l e c t r o n 
d i s t r i b u t i o n i s too gross an approximation. A severe l i m i t a t i o n 
a r i s e s from the d e s c r i p t i o n of charge d i s t r i b u t i o n i n molecules where 
an a r b i t r a r y d i v i s i o n overlap d e n s i t i e s i s made and absolute 
magnitudes depend on the nature of the b a s i s s e t . A better approach 
i s to t r e a t the valence e l e c t r o n d i s t r i b u t i o n as continuous and hence 
define a p o t e n t i a l at the atom which may be computed d i r e c t l y from the 
63 
wave function. Schwartz — has shown t h i s to be 
AE _ ... = A$ . core be s h i f t valence 
Z* 
• i = 2 r 6 . 1 — + I — - d.182 valence . *— V i ' r l Y i / L. R l^core n m^ mn 
sit Z i s e f f e c t i v e reduced nuclear charge m 
5 6 
This i s probably the most rigorous approach but that of Manne — i s of 
greater u t i l i t y f o r chemists. I n t h i s l a t t e r approach the valence 
e l e c t r o n d i s t r i b u t i o n i s treate d as a s e t of point charges centred on 
each nucleus. Considering the expression for o r b i t a l energy 
s r = < * r H v ? ~ l T ~ k ) + I < 2 J r s " K r s > (1.183) n n l s=a 
Z _ j 
r , nrm n l 
Zm 
V r ' 2 i ml " v r / r r V r » ^ r , | V r / 
+ J ( 2 J - K ) (1.184) L
r
 x rs rs 
I f e corresponds to a core l e v e l on atom m then the f i r s t term i n r 
(1.184) i s a constant for the atom, independent of valence d i s t r i b u t i o n . 
The second term a l s o i s independent of valence d i s t r i b u t i o n . The 
second term a l s o i s independent of valence d i s t r i b u t i o n . Furthermore, 
i n the expansion 
k 
I (2J - K ) u r s rs s=r 
the one centre coulomb and exchange i n t e g r a l s i n v o l v i n g other core 
o r b i t a l s on atom m w i l l be i n v a r i e n t to valence d i s t r i b u t i o n , and exchang 
i n t e g r a l s i n v o l v i n g other core o r b i t a l s on atom m w i l l be i n v a r i e n t to 
valence d i s t r i b u t i o n , and exchange i n t e g r a l s between the core o r b i t a l 
on m and core and valence o r b i t a l s on other atoms are s u f f i c i e n t l y small 
to be ignored. Thus (1.184) may be w r i t t e n 
Z k 
n=m n l s - r 
e - E + /* I-? — - U > + J 2J (1.185) r o V r 1 L r , 5 r / *• r s 
Where E i s a constant, and the summation of coulomb i n t e g r a l s o 
extends over a l l valence o r b i t a l s on other atoms. The second term 
represents the a t t r a c t i o n between a core e l e c t r o n i n ip^ which i s 
l o c a l i s e d on m, and the n u c l e i of the other atoms of the molecule. 
Thus the term can be r e w r i t t e n 
Z 
I ~ 
j. r nprn nm 
To evaluate the t h i r d term, f i r s t consider the terms i n v o l v i n g the core 
o r b i t a l IK on atom n J 
J • = ^ ( 1 ) ^ . ( 2 ) 1 - ^ - 1 ^ ( 1 ) ^ . ( 2 ) ) (1.186) r j \ r j r ^ 2 L J 
2 2 
This represents the repulsion between ^ on m and I|K on m and can be 
r e w r i t t e n - . r nm 
When ty. i s a valence o r b i t a l J . i s w r i t t e n 
1 r i 
J r i = ( * r < 1 ) * i ( 2 ) | ^ l < ' r ( » * i ( 2 ) ) (1.187) 
and expanding ^ i n terms of the b a s i s s e t 
J r i = £ c 2ip * r ( 1 ) * p < 2 > l r ^ l # r ( 1 ) * P ( 2 ) (1-188) P " P r P -12 
t h i s gives r i s e to two types of i n t e g r a l , depending upon whether or not 
<f>p i s centred upon atom m or not. Thus the i n t e g r a l s i n v o l v i n g charge 
clouds centred on d i f f e r e n t atoms can be separated out 
J r i = J c 2 i p < * r ( l ) * p < 2 ) l 7 T l * r ( 1 ) + p ( 2 ) > sum over <p v F 12 F P 
on atoms m^ n 
+ L c 2 . — (1.189) 6 n , ip r sum over 4> r nm P 
on atom m 
2 
These can be put back i n (1.185) to give 
Z 0 2c. 
£ = E + I " — + I — + [ I — r o r r r a l l atoms nm a l l core nm a l l valence M0fs mn 
n(fni) o r b i t a l s on & a l l constituent AO's 
atoms n(£m) i n the LCAO's 
on atoms n(^m) 
+ l c (1)4 ( 2 ) | - i - | * ( 1 ) * (2)> (1.190) 
a l l valence AO's p p r12 r p 
on m 
c o l l e c t i n g terms common to each atom 
-Z 0 2c. 2 
e = E + V ( _ n + + j _ y > _ 
r o * r r *• r 
nm nm nm 
+ I c i p 2 < ^ r ( 1 > * p ( 2 ) l 7 ^ l * r ( 1 ) * p ( 2 ) ) ( l a 9 1 ) 
2 
However )l + Jlc . i s the t o t a l e l e c t r o n i c population on a given atom 
L L p i 2 n and hence -Z + 5*20. represents the charge q on n. 
n u l p n 
Thus 
£ r = E o + I IT+^ip t r ( l ) t p ( 2 ) 1 ^ 1 ^ ( 1 ) * (2) (1.192) nfm nm x * v 12 v 
I n the t h i r d term V2c. ^ represents the t o t a l valence e l e c t r o n 
IP 
population on atom m and s i n c e t h i s i s proportional to the charge 
(1.192) can be w r i t t e n 
v q n e_ 3 E + kq + \ — (1.193) r o m ^ r n£m nm 
I n theory k should represent the average repulsion between a 
core and valence e l e c t r o n on atom m though i n view of the approximations 
involved i n the d e r i v a t i o n of (1.193) i t i s probably best to regard 
i t as a parameter dependent on the d e f i n i t i o n of atomic charge, and 
b a s i s s e t used. The form of the equation i s r e a d i l y i n t e r p r e t e d 
i n chemical terms as i t r e l a t e s the binding energy of a core l e v e l 
to the charge d i s t r i b u t i o n i n the molecule. I n the absence of a 
p o t e n t i a l from the remainder of a p a r t i c u l a r core l e v e l would be 
proportional to the charge on that atom. I n p r a c t i s e , i t i s only 
for a c l o s e l y r e l a t e d s e r i e s of molecules, when the t h i r d term i n 
(1.193) remains e f f e c t i v e l y constant that binding energies 
c o r r e l a t e d i r e c t l y with charges on atoms. 
1.12 S p e c t r a l Line Widths and Resolution 
The r e s o l u t i o n of the spectrophotometer analyser (see 
instrumentation, appendix 2 ) , AE/E, where E i s the energy of 
the e l e c t r o n s , depends upon the mean radius of the analyser hemi-
spheres R and the combined widths of the entrance and e x i t s l i t s W. 
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AE_ _ R 
E W (1.194) 
Resolution can be improved by reducing s l i t widths (thus reducing 
s i g n a l i n t e n s i t y ) , i n c r e a s i n g the hemisphere radius or by r e t a r d i n g the 
e l e c t r o n s p r i o r to t h e i r entry i n t o the a n a l y s e r . The o v e r a l l 
r e s o l u t i o n depends also on contributions other than from the 
analyser 
(AE ) 2 + (AE ) 2 + (AE ) 2 + (AE ) 2 (1.195) 
iH X JL S 
where AE^ i s the width of the Xray l i n e inducing emmission 
AE^ i s the width of the n a t u r a l energy d i s t r i b u t i o n 
of the e l e c t r o n energy l e v e l 
AE i s the width of the broadening due to spectrometer s 
aberation and depends on the emission energy E and 
the s l i t width. 
The n a t u r a l l i n e width at h a l f maximum height of the core 
l e v e l under i n v e s t i g a t i o n AE and that of the i n c i d e n t a l r a d i a t i o n 
s 
AE (unless monochromatization i s employed) depend on the uncertainty 
X 
. . . 64 p r i n c i p l e — 
AE .At = h/2Tr (1.196) 
where At i s the l i f e t i m e of the s t a t e . The p h o t o e l e c t r i c process 
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i s b e l i e v e d to occur i n a time i n t e r v a l of the order of 10 sec, — 
"~13 65 
whereas nuclear r e l a x a t i o n times are of the order of 10 s e c , — 
and the hole created i n the core w i l l have a l i f e t i m e of approximately 
10 ^ s e c — Thus the process may be regarded as sudden compared with 
nuclear (but not e l e c t r o n i c ) motion. 
CHAPTER I I 
LCAO-MO-SCF CALCULATIONS UPON PROTOTYPE POTENTIAL 
ENERGY SURFACES FOR ELECTROPHILIC ADDITION TO ALKENES 
67. 
2.1 Introduction 
Carbon carbon double bonds undergo a wide v a r i e t y of addition 
r e a c t i o n s , under both free r a d i c a l and ion i c conditions, the importance 
of which are manifest i n many branches of chemistry, not l e a s t being 
s y n t h e t i c organic chemistry. As out l i n e d below, the stereochemistry of 
the e l e c t r o p h i l i c additions can allow important i n s i g h t into the 
mechanism of these r e a c t i o n s and valuable data have thus been c o l l e c t e d . 
These have led to an o v e r a l l p i c t u r e i n which the f i r s t process i s 
attack by an e l e c t r o p h i l e . The stereochemistry of o v e r a l l r e a c t i o n 
now hinges on the mechanistic steps which follow s i n c e the s t r u c t u r e 
of the r e s u l t i n g carbonium ion intermediate w i l l c r u c i a l l y e f f e c t the 
way i n which the nucleophile can now attack with minimum a c t i v a t i o n 
energy. Hence one can see that to describe the process adequately, 
information on two chemical species are required, namely intermediates 
and t r a n s i t i o n s t a t e s . The experimentalist can probe the former with 
a v a r i e t y of t o o l s , nmr i n p a r t i c u l a r has g r e a t l y f a c i l i t a t e d the 
d e s c r i p t i o n of carbonium ion intermediates, however ambiguities i n 
i n t e r p r e t a t i o n sometimes a r i s e . The t r a n s i t i o n s t a t e , on the other hand 
i s c l e a r l y beyond the reach of any experimental approach fo r , by d e f i n i t i o n , 
i t i s the point on the rea c t i o n p r o f i l e of l e a s t s t a b i l i t y and hence of 
shortest l i f e t i m e . For t h i s reason, information regarding the t r a n s i t i o n 
state can only be i n f e r r e d from experimental s t u d i e s , which give data 
r e f e r r i n g to d i f f e r e n c e s between the i n i t i a l and t r a n s i t i o n s t a t e 
e.g. s t u d i e s of su b s t i t u e n t e f f e c t s . Hence i t becomes apparent that 
the d e s c r i p t i o n of e l e c t r o p h i l i c addition to alkenes can much b e n e f i t 
from the a p p l i c a t i o n of a study by t h e o r e t i c a l methods, when i n 
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p r i n c i p l e both intermediates and t r a n s i t i o n states may be investigated 
and described and possible r e a c t i o n p r o f i l e s may be compared. For 
these reasons i n t h i s work a study was made of various prototype systems 
of e l e c t r o p h i l i c o l e f i n a d d i t i o n by means of both non e m p i r i c a l and 
semi e m p r i r i c a l LCAO MO SCF quantum mechanical c a l c u l a t i o n , and t h i s 
chapter d e t a i l s t h e o r e t i c a l studies of prototype systems f o r e l e c t r o -
p h i l i c a d d i t i o n t o alkenes to shed l i g h t on aspects which are not 
amenable to d i r e c t experimental observation. 
As already mentioned, experimental evidence has shown t h a t 
these reactions are generally stereochemically precise and examples of 
both s t e r e o s p e c i f i c trans and s t e r e o s e l e c t i v e as a d d i t i o n can be found 
e. a. 
C H 
naat -9 C 
o r H O A c 2 5 ° C 
1 0 0 % t r a n s a d d i t i o 
69,70 




70 H H C H 2 C t 2 P C 7 5 % c i s a d d i t i o n CI 
H H 0 C CHoCI 8 3 % c i s a d d i t i o n • D 3 r 
Ph CH 
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Clearly there are several f a c t o r s which can possibly a f f e c t the 
percentage y i e l d s of various products obtained, notably the st r u c t u r e 
of the o l e f i n , the nature of the adding species and the p o l a r i t y of 
the solvent i n which the reac t i o n i s c a r r i e d out. From an examination 
of t a b l e 2.1. 
Table 2.1 Stereochemistry of Alkene a d d i t i o n 
Adding Species Conditions Alkene % trans a d d i t i o n r e f 
DBr CH 2C1 2, 0° 1 Ph propene 12 72 
F2 CC13F, -126°C 1 Ph propene 22
a, 27 b 73 
c i 2 CH 2C1 2, 0°C 1 Ph propene 25 a, 33 b 70 
B r 2 CC1., 2-5°C 
4 
1 Ph propene 83 a, 88 b 74 
INCO E t 2 ° 3 deuterostyrene 100 75 
ArSCl CC14, 25°C 1 Ph Propene 100 74 
a from c i s o l e f i n b from trans o l e f i n 
I t i s seen t h a t i n general when the adding species i s formally B r + . I + 
and RS+, a d d i t i o n proceeds i n a trans manner. This i s usually taken to 
in d i c a t e the involvement of a bridged species, i . e . formation of an 
onium ion. Further evidence i s found f o r the r e l a t i v e s t a b i l i t i e s of 
halonium ions from the study of halogen as a neighbouring group i n 
s o l v o l y s i s r e a c t i o n s . — Neighbouring sulphur, iodine and bromine are 
seen to a s s i s t i o n i s a t i o n but there i s no evidence f o r p a r t i c i p a t i o n by 
neighbouring c h l o r i n e or f l u o r i n e . For example, i n the s o l v o l y s i s of a 
series of trans-2-halocyclohexyl brosylates™ 
1 Br OBs OBs OBs 
rate 
enhancement 4 800 2,700,000 
tr a n s / c i s 
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a d i s t i n c t enhancement i n the rates of the trans compounds r e l a t i v e 
to the respective c i s compounds i s seen, and the r e l a t i v e enhancement 
shows the trend 
CI < Br < I 
Thus despite the greater s t e r i c compression which would be expected i n 
the iodine case i t must be concluded t h a t the s o l v o l y s i s of the trans 
compounds passes through the formation of a bridges intermediate 
species 
X 
where the r e l a t i v e s t a b i l i t i e s of these species are i n the order 
CI < Br < I 
When X i s F or CI clear cut rate enhancements are not apparent. 
Furthermore, r e t u r n i n g to a d d i t i o n to alkenes, when the e l e c t r o p h i l e 
+ + + 
i s f o r m a l l y H , F or CI examples of both s t e r e o s p e c i f i c trans and 
stereos e l e c t i v e c i s additions are found. This i s usually i n t e r p r e t e d 
as i n v o l v i n g the formation of e i t h e r bridged ion or c l a s s i c a l ions, 
depending upon the o l e f i n s t r u c t u r e , though the r e l a t i v e s t a b i l i t y of 
bridged ions w i t h respect to c l a s s i c a l ions 
H < F < CI 
may be i n f e r r e d . Considerable data have been c o l l e c t e d by Olah and 
co-workers, and ^ v e r a l bridged ions have been prepared and observed 
78 
by low temperature nmr.— Again, however, t h i s work i s less conclusive 
when the adding species are not CI, Br or I . 
I n f i g u r e 2.1 are sumarised the basic points which i t was 
desired to i n v e s t i g a t e by means of t h e o r e t i c a l c a l c u l a t i o n . From t h i s 














Outline of the processes examined i n t h i s study 
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( i ) Ease of formation of bridged or c l a s s i c a l ions as a f u n c t i o n of 
o l e f i n and e l e c t r o p h i l e and the d i r e c t i o n of a d d i t i o n . 
( i i ) E q u i l i b r i a between bridged and c l a s s i c a l ions, and the conformational 
aspects of the l a t t e r . 
( i i i ) The favoured d i r e c t i o n of approach of a nucleophile to a 
c l a s s i c a l i o n , and the r e l a t e d process of e l i m i n a t i o n . 
Some of these problems have been i n v e s t i g a t e d here f o r the 
cases of H, F and CI by means of ab i n i t i o and semi-empirical c a l c u l a t i o n . 
The ab i n i t i o approach has two main l i m i t a t i o n s which are 
( i ) The l i m i t a t i o n s of the Hartree Fock one e l e c t r o n model, which have 
been discussed i n chapter I 
( i i ) The l i m i t a t i o n s of computer c a p a b i l i t y and time a v a i l a b l e . 
Since the molecular systems studied were i n c l o s e l y r e l a t e d series w i t h 
the same number of e l e c t r o n p a i r s , then i n discussing interconversions 
w i t h i n these series c o r r e l a t i o n energy changes should be r e l a t i v e l y 
small. The second l i m i t a t i o n i s of rather greater importance, however, 
as t h i s w i l l r e s u l t i n a compromise i n the choice of basis set and 
i n the extent of geometry o p t i m i s a t i o n . For these reasons the use 
of a f a i r l y l i m i t e d basis set was necessary and t h i s was tested f o r 
physical 'reasonableness* by computing bond lengths and r o t a t i o n 
b a r r i e r s i n r e l a t e d hydrocarbons, thus providing a means f o r comparison 
w i t h experimental data. To reduce f u r t h e r the computing work load, 
chemical " i n t u i t i o n " was used i n order to reduce the multi-dimensional 
analysis inherent i n f u l l geometry o p t i m i s a t i o n . 
T h e o r e t i c a l c a l c u l a t i o n s on one molecule should y i e l d r e s u l t s 
which p r e d i c t the behaviour and nature of i s o l a t e d , i . e . gas phase, 
molecules. With these data i t should then be possible to go on f u r t h e r 
to understand more about solvent e f f e c t s when the system i s t r a n s f e r r e d 
to a solvent environment. An example may be drawn from measurements 
of the a c i d i t i e s of the alcohols i n d i c a t e d below, which, i n s o l u t i o n , show 
the trend 
Me > Et > xPr > tBu 
The o r i g i n a l conclusion drawn from these data was th a t the methyl 
group was a b e t t e r e l e c t r o n releaser than hydrogen. However t h e o r e t i c a l 
c a l c u l a t i o n s i n d i c a t e that i n f a c t o v e r a l l the methyl group i s 
elect r o n accepting and that the energy differences would p r e d i c t a 
revers a l of the above order. These t h e o r e t i c a l observations were i n 
80 
agreement w i t h gas phase measurements — of alcohol a c i d i t y which also 
showed t h i s apparently reversed order, and c l e a r l y the observed 
behaviour i n s o l u t i o n i s a r e s u l t of enhanced s o l v a t i o n of the 
anions i n the order 
MeO" > EtO~ > XPrO" > tBuO~ 
This example c l e a r l y demonstrates the a b i l i t y of t h e o r e t i c a l c a l c u l a t i o n 
to shed i n s i g h t of the true nature of s o l v a t i o n e f f e c t s i n some 
systems. 
2 . 2 Rotation Ba r r i e r s i n Ethane and E t h y l Cation 
There are two major features of i n t e r e s t i n the computation of 
r o t a t i o n b a r r i e r s ; f i r s t l y the magnitude of the b a r r i e r and secondly 
the r e l a t i v e magnitudes of the component c o n t r i b u t i o n s t o the t o t a l . 
Absolute magnitudes of r o t a t i o n a l b a r r i e r s i n many s u b s t i t u t e d and 
unsubstituted hydrocarbons are r e a d i l y a v a i l a b l e experimentally and are 
we l l documented and hence comparison w i t h these provides a t e s t of the 
adequacy of a given basis set f o r the reproduction of such b a r r i e r s . 
Although i n p r i n c i p l e one can measure b a r r i e r s to r o t a t i o n i n simple 
carbonium ions the experimental d i f f i c u l t i e s are such t h a t none have 
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been reported and hence c a l c u l a t i o n of these can y i e l d date of 
considerable importance f o r the organic chemist. A f u r t h e r great 
advantage of non-empirical c a l c u l a t i o n on conformational processes i s 
that d e t a i l e d analysis of component a t t r a c t i v e and repulsive c o n t r i b u t i o n s 
to b a r r i e r s to r o t a t i o n or invers i o n i s possible. 
E t h y l cation has been the subject of numerous t h e o r e t i c a l 
i n v e s t i g a t i o n s , however at the stage at which t h i s work was i n i t i a t e d no 
a b - i n i t i o c a l c u l a t i o n s had been performed. Results which have been 
obtained i n t h i s and other work are c o l l e c t e d i n table 2.2. That 
i n t e r n a l r o t a t i o n may be understood adequately w i t h i n the Hartree-Fock 
87 
model has been shown by a c a l c u l a t i o n — i n which e l e c t r o n c o r r e l a t i o n 
was allowed f o r , when the r o t a t i o n a l b a r r i e r decreased by only 
0.13 Kcal mole \ The m a j o r i t y of the c a l c u l a t i o n s of table 2.2 have 
in d i c a t e d r o t a t i o n a l b a r r i e r s which are reasonable close to the 
experimental value of 2.93 Kcal mole , the main exception being the 
c a l c u l a t i o n employing a FSGO basis set. 
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I n t h i s work the basis set chosen — (see Appendix) was 
C(7,3/3,l), H(3,l) making a t o t a l of 50 p r i m i t i v e and 18 contracted 
functions f o r ethane. The CH bond length, assumed i n v a r i e n t i n 
hydrocarbons, was f i x e d at 1.093A and s i m i l a r l y the HCH bond angle 
was taken as r i g i d at 109.5°. With these r e s t r i c t i o n s the energy of 
t h i s species was minimised w i t h respect to the length of the CC bond. 
The r o t a t i o n a l energy b a r r i e r then calculated was 2.72 Kcal mole , 
which i s i n good agreement w i t h the experimental value, and hence the 
basis set was assumed adequate f o r the examination of conformational 
processes. I n agreement w i t h a l l previous workers the staggered form 
i s predicted to be the most stable and i t i s of great i n t e r e s t to 
decompose the r o t a t i o n a l b a r r i e r i n t o net a t t r a c t i v e and repulsive 
c o n t r i b u t i o n s . 
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Table 2.2 I n t e r n a l Rotation i n Ethane and Et h y l Cation 
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Et h y l 0.0 
Cation 0.22 
r i g i d r o t n 
f l e x i b l e r o t n 
STO 3G 
STO 3G 82 
r STOnG least squares expanison of STO basis set i n terms of 
nGTO per STO 
ft CGTO refer s to co n t r a c t i o n of GTO 
Fl o a t i n g Spherical Gaussian O r b i t a l s 
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The. t o t a l energy of a molecular system may be taken as a sum 
of four terms, nuclear repulsion p o t e n t i a l Vnn, nuclear-electron a t t r a c t i o n s 
Vne, e l e c t r o n repulsions Vee and e l e c t r o n i c k i n e t i c energy T: 
Etot = Vnn + Vne + Vee +T (2.1) 
The v a r i a t i o n of each term may be studied during conformational change. 
However, i t must be remembered th a t at present i t i s only possible to 
describe q u a l i t a t i v e l y the o r i g i n of the conformational energy b a r r i e r s 
i n terms of energy components. This i s due to the use of a decomposition 
of the t o t a l energy i n t o components whose comparative changes (phase, 
amplitude) on changing between conformations are not much affected by 
improving the wave f u n c t i o n , by s c a l i n g the energy terms to force 
89 . 90 agreement w i t h the v i r i a l thesren — and by small geometrical p e r t u r b a t i o n s — . 
91 92 
Lehn — * — has described several two component decompositions of the 
t o t a l energy i n t o o v e r a l l a t t r a c t i v e and repulsive terms 
a t t r a c t i v e repulsive 
Vne Vnn + Vee + T 
Vnn + Vee + T Vee 
Vne + Vee + T Vnn 
Vne + Vee + Vnn T 
Thus the energy b a r r i e r may be described i n terms of the v a r i a t i o n s 
AVatt and A Vrep. I n t h i s work the second of these decompositions 
has been used, and the r e s u l t s f o r ethane are shown i n tab l e 2.3 
-1 
Table 2.3 Rotat i o n a l Components of Ethane 
Et o t (au) (Vne + T) (au) Vee (au) Vnn (au) 
stag -78.906247 -186.13054 65.377007 41.847286 
e c l i p -78.901915 -186.15409 65.397540 41.854639 
|AVatt| = 0.0162au |AVrep| = 0.0205au AEtot = 2.72Kcalmole 
I t i s clea r from the table that the b a r r i e r i s dominated by the 
net repulsive components and hence the obvious p i c t o r i a l representation 
of the b a r r i e r as repulsive i n t e r a c t i o n i n the eclipsed conformation 
83 
i s e s s e n t i a l l y c o r r e c t . More recent work by A l l e n i s also i n agreement 
w i t h these conclusions. 
As i n d i c a t e d p r e v i o u s l y , i n the case of r e a c t i v e intermediates, 
such as carbonium ions, the experimental conformational data i s less 
r e a d i l y obtainable and hence the t h e o r e t i c a l r e s u l t s are p a r t i c u l a r l y 
valuable. The e t h y l cation has been studied f a i r l y extensively at 
varying stages of s o p h i s t i c a t i o n but a t an ab i n i t i o l e v e l i t has been 
much less stuedied than ethane. Results of previous c a l c u l a t i o n s are 
shown i n tabl e 2.2, and the conclusion i s that the r o t a t i o n a l b a r r i e r i s 
very small. I n t h i s work the same basis set was used as f o r ethane, 
and the CH bond lengths were set at 1.093 and 1.084& and <HCH 
o 3 2 
angles a t 109.5° and 120 f o r sp and sp environments r e s p e c t i v e l y . 
The energy was again minimised w i t h respect to the CC bond length and 
the r o t a t i o n a l b a r r i e r was found to be e f f e c t i v e l y zero f o r r i g i d r o t a t i o n . 
The ' b a r r i e r ' has been analysed i n terms of a t t r a c t i v e and repulsive 
components and i t can be seen that ( t a b l e 2.4) a l l the energy 
components are v i r t u a l l y r o t a t i o n a l l y independent. 
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Table 2.4 Rotati o n a l Components of Et h y l Cation 
Etot (au) (Vne + T) (au) Vee (au) Vnn (au) 
stag -77.911158 -170.37442 55.45621 37.00706 
e c l i p -77.911153 -170.37441 55.45619 37.00706 
2.3 E t h y l cation and Bridge protonated ethylene 
The simplest model f o r e l e c t r o p h i l i e a d d i t i o n to o l e f i n s i s th a t 
f o r m a l l y generated by the a d d i t i o n of a proton to the ethylene 
molecule. Two possible extremes may be considered f o r t h i s process; 
the e t h y l c a t i o n ( I ) and bridge protonated ethylene ( I I ) 
H H 
I I I 
This system has been i n v e s t i g a t e d by t h e o r e t i c a l methods of varying 
stages of approximation, beginning i n 1964 w i t h an EHT treatment by 
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Hoffmann.— This method, however, i s t h e o r e t i c a l l y unsound f o r charged 
94 
species and subsequent i n v e s t i g a t i o n s — have used the semi e m p i r i c a l 
methods which are formal approximations to the ab i n i t i o treatment, such 
94 
as CND0, IND0, MIND0 and NDD0. However, Dewar — has shown t h a t i n a l l 
these methods, the s t a b i l i t y of bridged ions i s considerably over-
estimated (due no the neglect of large numbers of e l e c t r o n repulsion 
and exchange i n t e g r a l s , and hence an ab i n i t i o treatment i s necessary i n 
94 
order to obtain r e l i a b l e r e s u l t s . Dewar et a l — applied t h i s method 
(see table 2.5) and obtained the r e s u l t t h a t e t h y l c a t i o n was 
9Kcal mole 1 more stable than bridge protonated ethylene. This work r e l i e d , 
however, on approximate geometries derived from NDD0 c a l c u l a t i o n s . 
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Table 2.5 Results of some e a r l i e r i n v e s t i g a t i o n — of the e t h y l 
c ation - protonated ethylene system. 
w , ,<»x d i s t of H from _ ,/T_ , -I* Method r (A) „ n , , Ere 1(Kcal mole ) cc CC bond centre 
E t h y l 
cation NDDO 1.43 - (0.0) 
P r o t d 
Ethylene 
ab i n i t i o 1.48 - (0.0) 
NDDO 1.41 1.0 -33.2 
ab i n i t i o 1.46* 1.11* 9.0 
* assumed geometry. 
I n t h i s work the contracted gaussian basis set was the 
aforementioned C(7,3/3,1) H ( 3 / l ) . The CC bond length i n the e t h y l 
cation was optimised as described e a r l i e r , w h i l s t f o r bridge protonated 
ethylene, the CC bond length, distance of the b r i d g i n g hydrogen to the 
centre of the C-C bond, and the out of plane bending of the e t h y l e n i c 
hydrogen atoms were in v e s t i g a t e d as functions of the t o t a l energy. The 
eth y l e n i c CH bond lengths were f i x e d as 1.084A and the <HCH angles 
assumed r i g i d at 120°. Figure 2.2 shows the t o t a l energies of the 
e t h y l c a t i o n and bridge protonated ethylene as functions of t h e i r 
respective CC bond lengths and f i g u r e 2.3 shows the t o t a l energy of 
bridge protonated ethylene as a f u n c t i o n of the distance of the 
distance of the b r i d g i n g hydrogen to the CC bond centre. From these 
may be deduced the optimised bond lengths, summarised i n tab l e 2.6. 
The CC bond length f o r e t h y l c a t i o n using t h i s basis set i s 
seen to be comparable w i t h t h a t f o r ethane, w h i l s t t h a t f o r bridge 
protonated ethylene i s r a t h e r longer than t h a t of ethylene i t s e l f . 
Out of plane bending of the ethylenic hydrogen atoms of bridge 
protonated ethylene was found to case a s l i g h t r a i s i n g of t o t a l energy, 
80. 
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Fig 2.2 T o t a l energy of E t h y l Cation 
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Table 2.6 P a r t i a l l y optimised geometries of Et h y l Cation and 
Bridge-protonated Ethylene 
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<Out of plane AE (Kcal mole" 1) 
3.0° 0.0 
5.0° 0.2 Kcal mole" 1 
7.0° 0.5 Kcal mole""1 
though i n subsequent i n v e s t i g a t i o n s — * — some workers have 
obtained, s l i g h t displacements of these hydrogens ( 3°) to produce 
s l i g h t l y greater s t a b i l i s a t i o n ( 0.3 Kcal mole 1 ) . I n some recent 
work, Pople e t a l have employed s p l i t valence basis set c a l c u l a t i o n s 
f o r the examination of various simple carbonium ions i n c l u d i n g c l a s s i c a l 
forms of the e t h y l c ation and bridge protonated ethylene. A sequential 
process of increasing basis set size was used w i t h the r e s u l t that 
a f t e r extensive geometry o p t i m i s a t i o n and the use of an STO 6-31G 
basis set which included extra functions of p and d symmetry, then the 
symmetrically bridged non-classical i o n becomes marginally more 
stable than the c l a s s i c a l forms. However, w i t h the exception of these 
r e s u l t s a l l the non e m p i r i c a l c a l c u l a t i o n s reproduce the r e s u l t that 
the c l a s s i c a l e t h y l cation i s lower i n energy than the bridge- protonated 
ethylene molecule, but nevertheless the energy d i f f e r e n c e between the 
two species i s seen to be f a i r l y small and i s expected to become even 
smaller i f c a l c u l a t i o n s employing p o l a r i s a t i o n functions and a very 
large basis set are performed. 
Using the geometries derived above, CND0 and IND0 ca l c u l a t i o n s 
have been performed on e t h y l c ation and bridge-proton ated ethylene and 
the r e s u l t s obtained p r e d i c t that the bridge-protonated form should be 
more stable than the c l a s s i c a l e t h y l c a t i o n (by 28.5 and 29.8 Kcal mole 1 
r e s p e c t i v e l y ) . This i s i n accord w i t h the observation e a r l i e r of the 
overestimation of the s t a b i l i t i e s of bridged ions by these methods. 
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2.4 In t e r c o n v e r s i o n of e t h y l c a t i o n and bridge protonated ethylene 
The small energy d i f f e r e n c e between the e t h y l c a t i o n and bridge 
protonated ethylene obtained i n t h i s work raises the p o s s i b i l i t y of 
protonated ethylene as an intermediate i n e l e c t r o p h i l i c a d d i t i o n to 
o l e f i n s . — ^ However, before coming to any f i r m conclusions i t i s 
important to gain some understanding as t o how easy i s the transformation 
between these species. 
Thus c a l c u l a t i o n s were c a r r i e d out along an i d e a l i s e d r e a c t i o n co-
ordinate i n which the b r i d g i n g hydrogen i n protonated ethylene s l i d e s 
along the bond such t h a t the hydrogen moves i n a s t r a i g h t l i n e from 
i t s i n i t i a l p o s i t i o n t o i t s f i n a l p o s i t i o n i n e t h y l c a t i o n . This 
corresponds to a continuous change i n C^ H bond lengths. The CC and 
C(2)Hbond lengths, and <HC(2)H bond angles were assumed to change 
continuously i n going from protonated ethylene to e t h y l c ation (see 
f i g . 2.4). Calculations were performed at four intermediate points 
using the C(7,3/3,1) H(3/l) basis set employed p r e v i o u s l y . The r e s u l t s 
are shown g r a p h i c a l l y i n f i g . 2.5. 
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Fig 2.4 Diagram of atomic movements involved i n the transformation of 













Fig 2.5 Reaction coordinate f o r a 1, 2 - hydrogen s h i f t i n E t h y l c a t i o n 
v i a Bridse-protonated Ethylene 
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The i n t e r e s t i n g r e s u l t emerges th a t i t i s possible to transform 
bridge protonated ethylene to e t h y l c a t i o n without an a c t i v a t i o n b a r r i e r . 
Thus i t may be postulated t h a t i n the gas phase, protonated ethylene, 
rather than being an intermediate, i s the t r a n s i t i o n state f o r 
scrambling the hydrogen atoms of e t h y l c a t i o n . As w i l l be shown l a t e r , 
t h i s i s also the l i k e l y r e s u l t i n s o l u t i o n also, and the a c t i v a t i o n energy 
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obtained i s compatible w i t h the r e s u l t s of Brouwer e t a l — who examined 
the system 
^—( 4—^ 
3 CH 3 3 
CH3 3 H 3 C 
by nmr at various temperatures. The four methyl groups appear equivalent 
( 6 2.75ppm, j = 5 cps) and unbroadned down to -85°C. This i s 
4 -1 
equivalent to K >10 sec . Further evidence comes from the mass 
100 + + spectrometric i n v e s t i g a t i o n of CH^ CD^  , where CH^ CD^  and CH^CD2 
produced complete scrambling of H and D, as shown by the appearance of 
metastables f o r CH^ D and CD^ H i n s t a t i s t i c a l r a t i o s . Thus i t may be 
argued t h a t the scrambling i s f a s t compared to the time of f l i g h t of 
the parent i o n and hence scrambling i s complete at d i s s o c i a t i o n * 
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Recent extended basis set c a l c u l a t i o n s by Pople et a l — 
have suggested that the c l a s s i c a l ions may not be close to l o c a l 
minina i n the p o t e n t i a l energy surface and that the bridged form may 
be the e q u i l i b r i u m s t r u c t u r e at the Hartree-Fock l i m i t . 
Using CNDO and INDO treatments a rather d i f f e r e n t p i c t u r e 
emerges. The p r o f i l e i s e s s e n t i a l l y inverted since the bridge protonated 
86. 
ethylene i s predicted to be more stable than the e t h y l cation but 
also mimina of * 6kcal mole ^ are seen on e i t h e r side of the bridge-
protonated form. This would suggest a predominant species w i t h an 
e s s e n t i a l l y b r i d g i n g proton but displaced s l i g h t l y from the centre of 
the CC bond. 
2.5 Solvent e f f e c t s i n e t h y l cation - prot* ethylene system 
The rate constant f o r a r e a c t i o n i s expressible as 
K = f exp (-AEg - AEsolv(T) / RT) (2.2) 
where f i s the r a t i o of p a r t i t i o n f u n c t i o n s , AEg i s the gas phase a c t i v a t i o n 
energy and AE solv(T) i s the s o l v a t i o n energy change. This l a s t term 
depends mainly on the size of the ion and i s not r e a d i l y calculable. 
I t may be dir/ided i n t o three components 
(a) C a v i t a t i o n energy - associated w i t h the 'hole 7 created i n the 
solvent by the ion 
(b) O r i e n t a t i o n term - due to the changes i n average o r i e n t a t i o n of 
solvent molecules by the i o n 
(c) I n t e r a c t i o n term - due to the average in'cennolecular forces 
which appear between the solvated ions and 
the p a r t i a l l y o r i e n t a t e d solvent molecules. 
Due to the comparable size of e t h y l c a t i o n and protonated ethylene, only 
the i n t e r a c t i o n term i s r e a l l y of importance i n the determination of 
s o l v a t i o n energy d i f f e r e n c e s . This term can i t s e l f be decomposed i n t o 
three p a r t s . 
i ) p a r t due to dispersion forces 
i i ) p a r t due to i s o t r o p i c charge-dipole or d i p o l e - d i p o l e i n t e r a c t i o n s 
i i i ) p a r t due to a n i s o t r o p i c i n t e r a c t i o n s such as hydrogen bonding. 
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Terms i ) and i i i ) caa be considered to be very s i m i l a r i n the two ions 
and hence the major term c o n t r i b u t i n g to the d i f f e r e n c e i n AEsdu(T) 
i s l i k e l y to be the i s o t r o p i c i n t e r a c t i o n term. This may be estimated 
approximately from the formula -=^» ^21 
AEso l v = - A£ ( 1 — ) (2.3) 
where the q. 1 s are the charges on each atom and r. . i s the interatomic 
distance between atoms i and j except when i and j are i d e n t i c a l . In 
t h i s case r. . represents the e f f e c t i v e radius of atom i. D i s an 
e f f e c t i v e d i e l e c t r i c constant f o r the solvent. 
From the gross atomic charges and <r> values (from atomic 
Hatree Fock c a l c u l a t i o n s ) f o r the e f f e c t i v e r a d i i , the calculated 
s o l v a t i o n energies f o r the system were 
e t h y l c ation -95.0 k c a l mole ^ 
_ ^  
protonated ethylene -92.6 k c a l mole A 
(For a solvent of high D, i . e . 1>> — ) 
Hence the a c t i v a t i o n b a r r i e r f o r scrambling the hydrogens of 
e t h y l c a t i o n i s predicted to be s l i g h t l y larger ( by^2.4kcal mole ) 
i n s o l u t i o n than i n the gas phase. The predicted greater s o l v a t i o n 
energy of the e t h y l cation also reverses the ordering of the s t a b i l i t i e s 
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of c l a s s i c a l and bridged forms as obtained by P o p l e . — Thus i t may 
be concluded t h a t i n s o l u t i o n the e t h y l c ation - bridge protonated 
ethylene p o t e n t i a l energy surface w i l l be q u a l i t a t i v e l y as described 
here. 
The absolute magnitudes of these s o l v a t i o n energies would appear 
reasonable i f , to take a h i g h l y s i m p l i f i e d model, the charge i n bridge 
protonated ethylene i s evenly d i s t r i b u t e d and i t i s assumed that the 
molecule o v e r a l l presents a s p h e r i c a l surface to the solvent then taking 
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an average value f o r the mean radius of 1.34A ( i . e . the distance of the 
hydrogen from the CC bond c e n t r e ) , the s o l v a t i o n energy would approximate 
to that of K + ( I o n i c radius 1.33A). The enthalpy of hydration f o r t h i s 
ion has been estimated to be -84.0 k c a l mole *. I n view of the 
approximations involved, t h i s may be regarded as close agreement. 
The approximations inherent i n the assumptions of the Hartree 
Fock formalism may also be considered. I n general i t has been found 
that i n discussing processes i n which the number of el e c t r o n p a i r s do 
not change, c o r r e l a t i o n energy corrections are r e l a t i v e l y small. I t may 
be a n t i c i p a t e d that since the c l a s s i c a l i o n and the bridged species 
possess the same number of el e c t r o n p a i r s t h a t c o r r e l a t i o n energy 
differences should also be r e l a t i v e l y small. However, the calculated 
energy d i f f e r e n c e between the two species i s also r e l a t i v e l y small and 
since there i s a change i n the degree of co n n e c t i v i t y i n proceeding 
from one to the other small changes i n c o r r e l a t i o n energy might become 
of some importance. An attempt has been made to in v e s t i g a t e t h i s 
34 
p o s s i b i l i t y . Snyder and Basch — have shown how crude estimates of 
c o r r e l a t i o n energy differences may be obtained from p a i r c o r r e l a t i o n 
energies (established from atomic data) and appropriate population 
analyses 
Ecorr = ^ . . J ? . + Utfft (2.4) 1 1<J 
where i s the atomic o r b i t a l e l e c t r o n density f o r o r b i t a l i . The atomic l 
o r b i t a l p a i r population of o r b i t a l i i s then J P ^ . The atomic o r b i t a l 
p a i r c o r r e l a t i o n energy E.. i s the c o r r e l a t i o n energy of a p a i r of 
L J 
electrons i n the same ( i = j ) or d i f f e r e n t (i£j) atomic o r b i t a l s . From 
atomic data they have prepared a set of p a i r c o r r e l a t i o n energies f o r 
f i r s t row atoms and hydrogen, the relevent data i s given i n table 2.7a 
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P a i r c o r r e l a t i o n energies i n au 
Pair Atom 
i j C F H 
Is Is -0.0409 -0.0398 -0.0409 
Is 2s -0.0015 -0.0014 
Is 2p -0.0015 -0.0016 
2s 2s -0.0284 -0.0119 
2s 2p -0.0139 -0.0084 
2p 2 P -0.0258 -0.0258 
2? 2 P ! -0.0123 -0.0123 
From the form of equation 2.4 i t can be seen that Ecorr may be s p l i t i n t o 
^ i n t r a . ^ i n t r a , ,. , , . , . two terms E and E depending on whether the pairs of o r b i t a l s corr corr r 
are located on the same or d i f f e r e n t atoms. From atomic data only 
g i n t r a ^ ^ e estimated. However from extended basis set calculations corr 
and estimates of A E x n t r a f o r a series of hydrogenation reactions, 
corr 
Snyder and Basch showed th a t AE i n S r was i n general of the same order J corr ° 
of magnitude and opposite i n sign, and hence may not be neglected. 
A roughly exponential dependence of AE*^^ r o n intar-atomic distance 
between the f i r s t row atoms was, however,evident from t h e i r data. 
I n the case of the ions studied i n t h i s work only order of magnitude 
estimates of A E l n t r a have been made, and these are shown i n table c o r r 
2.7b 
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The d i f f e r e n c e i n A E i n t r a between the two species i s estimated to be 
corr 
-0.0005 au i . e . -0.31 kcals w i t h respect to the c l a s s i c a l ion and f o r 
10^ 
comparison the t o t a l c o r r e l a t i o n energy f o r ethylene has been estimated -—-
to be -0.5191+_ 0.0114 a.u. Thus c o r r e l a t i o n energy differences are 
l i k e l y t o make a r e l a t i v e l y minor c o n t r i b u t i o n . 
2.6 Approach of a Nucleophile to E t h y l Cation 
Once the e t h y l cation has been generated by e l e c t r o p h i l i c a d d i t i o n 
of a proton t o an ethylene molecule, the next stage i n the r e a c t i o n w i l l 
be the attack a t the e l e c t r o n d e f f i c i e n t carbon atom by a nucleophile. 
I t i s of considerable i n t e r e s t to consider the stereochemistry of t h i s 
n u c l e o p h i l i c a t tack. Two d i s t i n c t approaches of a nucleophile of the 
staggered conformation of e t h y l c a t i o n , which represent extrema of 
di r e c t i o n s of approach, may be v i s u a l i s e d — where the nucleophile 
approaches the el e c t r o n d e f f i c i e n t carbon i n a trans or cis coplanar 
arrangement, shown i n f i g 2.6. 
The o v e r a l l enthalpy change f o r the process may be calculated from 
the t o t a l energies of ethane, e t h y l c a t i o n and H . The energy of H 
may be taken from t h a t of the hydrogen atom (by d e f i n i t i o n -0.5au) plus 
i t s e l e c t r o n a f f i n i t y (-0.747eV). Thus the enthalpy change f o r the 
process 
C 2 H 5 + + H ~ " C 2 H 6 
-77.911153au -0.527au -78.906247au 
i s c a l c u l a t e d t o be -288.4 k c a l mole 
An independent therraochemical estimate can be made by consideration of 
the Born cycle 
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C 2H 6 +4.17eV — v ^ + H 
AH 
+ 8 . 8 e V ^ 
C 2H 5 + * H 
-0.747eV i 2 § . 
91. 
The enthalpy change thus c a l c u l a t e d i s -281.0 k c a l mole \ which i s i n 
good agreement w i t h the above f i g u r e . 
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92. 
Since the quenching of the carbonium ion by the nucleophile i s so 
exothermic, the t r a n s i t i o n s t a t e f o r the r e a c t i o n should approximate 
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to the i s o l a t e d ions (Hammond-Polanyi postulate)-; and hence the 
i n t e r e s t i s i n the i n i t i a l stages of the approach of the nucleophile. 
This being the case i t i s of i n t e r e s t to i n t e r p r e t the long range 
i n t e r a c t i o n , corresponding to an extensively stretched CH bond i . e . 
to h e t e r o l y t i c f i s s i o n . Such a s i t u a t i o n i s not w e l l described w i t h i n 
the Hartree-Fock formalism, however the problem may be circumvented 
w i t h i n the Hartree-Fock approach by a r t i f i c i a l l y l o c a l i s i n g the negative 
charge upon the nucleophile. The hydride ion has been used as a 
prototype nucleophile and to ensure the above charge l o c a l i s a t i o n the 
basis functions f o r t h i s hydrogen atom were considered as i f they 
belonged to a seperate symmetry representation. Considering the 
hydride nucleophile and the two d i r e c t i o n s of approach i t may be 
seen t h a t the r e a c t i o n products would be ethane i n e i t h e r 
staggered or eclipsed conformation. Using the C(7,3/3,l), H(3/l) 
basis set, c a l c u l a t i o n s were performed along two r e a c t i o n co-ordinates, 
i n which the hydride ion approached the e l e c t r o n d e f i c i e n t carbon 
along p r o j e c t i o n s of the eventual C-H bonds which would e x i s t i n the 
product ethane. 
The r e s u l t s are shown i n table 2.8, and c l e a r l y i n d i c a t e t h a t 
although the f i n a l product of the trans approach ( i . e . staggered ethane) 
is more s t a b l e , an i n i t i a l c i s approach i s favoured. Thus, by the 
p r i n c i p l e of microscopic r e v e r s i b i l i t y i t can be postulated that an 
i n i t i a l c i s e l i m i n a t i o n w i l l be p r e f e r r e d . I t has been shown 
that i n the gas phase e l i m i n a t i o n of hydrogen h a l i d e from ethanes the 
process occurs i n a s t e r e o s p e c i f i c a l l y cis manner. Thus i t may be 
i n f e r r e d t h a t the t r a n s i t i o n state f o r p y r o l y s i s of a s u b s t i t u t e d h a l i d e 
w i l l look very much l i k e a f u l l y developed carbonium i o n and halide 
9 3 . 
ion i n an ion p a i r . This provides the closest experimental test of 
the theory. 
\\ 
Table 2.8 Relative energy of the H system as a fu n c t i o n of 
+ -C H separation. 
distance of H from AE (kcal mole 
e l e c t r o n d e f f i c i e n t C ( c i s ~ trans) 
oo 0 . 0 
4 . 0 - 1 . 6 5 
3 . 5 - 2 . 1 1 
3 . 0 - 2 . 6 6 
2 . 0 6 5 5 ( e t h a n e ) 2 . 7 2 
2.7 Proton a d d i t i o n to Fluoroethylene 
The next system i n v e s t i g a t e d i n t h i s work was that generated 
by the e l e c t r o p h i l i c a d d i t i o n of a proton to fluoroethylene. This 
can produce two c l a s s i c a l ions, 1-and 2-fluoroethyl cations, and the 
bridge protonated fluoroethylene and the work followed a s i m i l a r 
p a t t e r n to t h a t described i n the previous section. 
94. 
2*8 Conformational processes i n f l u o roe thane and 1-and 2- f l u o r o e t h y l 
cations 
I n t h i s work a basis set comparable to the e t h y l cation-protonated 
ethylene work was used i . e . (7,3/3,1) f o r carbon and f l u o r i n e , and 
3/1 f o r hydrogen. The geometry used was t h a t optimised previously f o r 
ethane, w i t h a hydrogen atom replaced by f l u o r i n e at a CF bond length 
of 1.33A. Bond angles were again assumed i n v a r i a n t at 109.5°. The r o t -
a t i o n a l b a r r i e r obtained was 2.60 k c a l mole \ the staggered conformer 
being the more s t a b l e . This shows th a t the b a r r i e r i s , indeed, very 
close to t h a t f o r ethane (2.72 k c a l mole * ) , despite the much larg e r 
t o t a l energy of fluoroethane (staggered, -177.53239 au). 
Table 2.9 Rotational components f o r fluoroethane 
stag 







E ( l e l e c ) 
( V n e + T ) (au) 
-400.15366 
-400.23156 
E ( 2 e l e c ) 










From an examination of table 2.9 i t i s evident that the b a r r i e r 
i s r e p u l s i v e l y dominated, and though the b a r r i e r i s very close to that 
f o r ethane the absolute magnitudes of the components are much larger i n 
fluoroethane. Thus i t appears as i f an e x t r a p o t e n t i a l energy term i s 
being added (approximately equal i n both) to V a t t and Vrep. This can 
be a t t r i b u t e d to the d i f f e r e n c e i n e f f e c t i v e p o t e n t i a l between f l u o r i n e 
and hydrogen atoms. Since the radius of the f l u o r i n e atom i s comparable 
to that of hydrogen, the e f f e c t being observed i s t h a t of lowering the 
95. 
p o t e n t i a l w e l l around one of the r o t a t i n g atoms due to the high charge 
density of f l u o r i n e . These r e s u l t s and conclusions are i n good agreement 
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w i t h the work of A l l e n — who has since also analysed the r o t a t i o n a l 
b a r r i e r of fluoroethane. 
E a r l i e r i t was noted t h a t the b a r r i e r to r i g i d r o t a t i o n i n e t h y l 
cation i s i n d i s t i n g u i s h a b l e from zero, and t h i s i s i n accordance w i t h 
the organic chemists p i c t u r e of e s s e n t i a l l y f r e e r o t a t i o n i n simple 
a l k y l carbonium ions. Thus i t was of i n t e r e s t to examine the 
conformational processes f o r the f l u o r o s u b s t i t u t e d e t h y l cations. 
The geometries f o r both ions were obtained from that previously 
optimised f o r e t h y l c a t i o n , w i t h a hydrogen atom at or being 
replaced by a f l u o r i n e atom at a CF bond length of 1.33& and the 
bond angles remaining f i x e d a t 109.5° and 120° f o r sp^ and sp^ 
environments r e s p e c t i v e l y . . The basis set used was the same C,F(7.3/3.1) 
H(3/l) set used previously, and c a l c u l a t i o n s were performed upon 
d i s t i n c t staggered and eclipsed conformations. A t o t a l of three 
c a l c u l a t i o n s on 1 - f l u o r o e t h y l cation and four on 2 - f l u o r o e t h y l c a t i o n 
allows the con s t r u c t i o n of energy diagrams corresponding to i n t e r v a l s 
of 30° i n the angle of r o t a t i o n about the C-C bonds. 
The r e s u l t s f o r the 1 - f l u o r o e t h y l cation are shown i n f i g 
2.7 and two poin t s of i n t e r e s t a r i s e . The f i r s t i s the very low 
b a r r i e r to r o t a t i o n (0.62 k c a l mole , and the second i s the f a c t t h a t 
the most stable conformer i s that w i t h hydrogen e c l i p s i n g f l u o r i n e . I t 
i s i n t e r e s t i n g to note t h a t t h i s feature was also reproduced by semi 
empirical c a l c u l a t i o n s (CNDO and INDO SCF MO ) performed i n t h i s work, 
though the predicted b a r r i e r was rather smaller i n both ca l c u l a t i o n s 
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2.7 Conformational behaviour of the 1- f l u o r o e t h y l c ation 
97. 
112 w i t h the i s o e l e c t r o n i c acetaldehyde molecule, which has a 
r o t a t i o n a l b a r r i e r of 1.15 k c a l mole" 1, and the most stable conformer 
w i t h hydrogen e c l i p s i n g oxygen. Clearly i t i s again of i n t e r e s t to 
analyse the energy b a r r i e r of 1-f l u o r o e t h y l c a t i o n i n terms of i t s 
a t t r a c t i v e and repulsive components. The r e s u l t s of the analysis are 
shown i n table 2.10. 




Etot(au) E. , (au) E 0 . . . Enuc(au) l e l e c 2elec(au) v ' 
-176.58818 -373.98804 126.28470 71.11516 






0.62 kca l mole -1 
I n contrast to both ethane and fluoroethane the b a r r i e r i s seen to be 
a t t r a c t i v e l y dominated, and t h i s has also been shown to be the case 
f o r acetaldehyde. 
The r e s u l t s f o r the 2 - f l u o r o e t h y l c a t i o n are shown i n f i g 2.8. 
The most stable conformer has hydrogen e c l i p s i n g f l u o r i n e , and the lea s t 
stable conformer i s staggered. From simple considerations the reverse 
might have been expected. I n marked contrast t o e t h y l and 1 - f l u o r o e t h y l 
cations, there i s a s u b s t a n t i a l r o t a t i o n a l b a r r i e r (10.53 k c a l mole 1 ) 
and t h i s i s dominated by a t t r a c t i v e components - see table 2.11. 





-176.52545 -377.73242 128.80992 
-176.50867 -377.40754 128.57972 
|AVatt| = 0.2470au 
|AVrep| = 0.2302au 
AEtot * 10.53 k c a l mole 
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2.8 Conformational behaviour of the 2- f l u o r o e t h y l cation 
99 
I n t h i s l a t t e r respect the system shows s i m i l a r i t y to the behaviour 
of the 1 - f l u o r o e t h y l c a t i o n . INDO and CNDO ca l c u l a t i o n s once 
again p r e d i c t the same ordering of s t a b i l i t i e s of the conformers 
as the non-empirical c a l c u l a t i o n s and a very large r o t a t i o n a l b a r r i e r 
i s p r e d i c t e d (26.1 and 23.2 kcal mole * r e s p e c t i v e l y ) . A more recent 
c a l c u l a t i o n by Radom and co-workers-—^- w i t h an STO-3G basis set, has 
produced a r o t a t i o n a l b a r r i e r of 9.31 k c a l mole 1 , which i s i n good 
agreement w i t h that produced by the a b i n i t i o c a l c u l a t i o n s here, w i t h 
s l i g h t l y d i f f e r e n t geometry and basis set. 
P i c t o r i a l l y the s t a b i l i t y of the eclipsed conformations of 
both the 1- and 2- f l u o r o e t h y l cations might perhaps be a t t r i b u t e d 
to favourable i n t e r a c t i o n s between the eclipsed H and F atoms. However 
a Mulliken population analysis shows l i t t l e evidence f o r t h i s . 
Ion H-F overlap population 
1- f l u o r o e t h y l -0.00127 
2- f l u o r o e t h y l -0.00062 
The bond overlap populations between the e c l i p s i n g atoms i s small and 
negative f o r both ions. Clearly the high r o t a t i o n a l b a r r i e r of the 
1- f l u o r e t h y l c a t i o n w i l l have important r a m i f i c a t i o n s f o r any 
react i o n of t h i s i o n . 
2.9 Thermo chemical S t a b i l i t y of 1- and 2- Fluoroethyl Cations 
The 1 f l u o r o e t h y l cation i s cal c u l a t e d to be 39.36 k c a l mole ^ 
more stable than the 2 - f l u o r o e t h y l c a t i o n , which can be a t t r i b u t e d to 
the s u b s t a n t i a l +M e f f e c t — — of f l u o r i n e attached to an el e c t r o n 
d e f f i c i e n t centre. This can be seen on examination of population 
analyses - table 2.12 
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Table 2.12 Population analysis r e s u l t s f o r fluoroethane and the 
1- and 2- f l u o r o e t h y l cations. 
Fluoroethane 
1 f l u o r o e t h y l c a t i o n 
2 f l u o r o e t h y l c a t i o n 




A f u r t h e r measure of the e l e c t r o n i c e f f e c t of f l u o r i n e may 
also be obtained by comparing the r e l a t i v e energies f o r the processes 
RH R+ + H" 
CH3 - CH3 
CH3 - CH2F 
+• CH3 - CH2 + H 
CH3 - CHF + H 
CH2 - CH2F + H 




The s t a b i l i s i n g and d e s t a b i l i s i n g influence of s u b s t i t u t i n g f l u o r i n e 
f o r hydrogen at the 1 and 2 pos i t i o n s r e s p e c t i v e l y i n e t h y l cation i s 
c l e a r l y shown. From mass spectrometric appearence p o t e n t i a l s i t 
has been shown that f o r the methyl c a t i o n , replacement of H by F 
s t a b i l i s e s the r e s u l t i n g ion by 27 - 3 kcal mole \ which i s 
i n good agreement w i t h t h a t calculated here f o r the 1 - f l u o r o e t h y l 
c a t i o n . Carbonium ion s t a b i l i s a t i o n by f l u o r i n e has also been 
studied r e c e n t l y be means of i o n cy c l o t r o n resonance spectroscopy. i i Z . 
114 . . . . Pople has studied the e f f e c t s of substituents in a 3 p o s i t i o n to 
the e l e c t r o n d e f f i c i e n t centre of the e t h y l c a t i o n i n terms of the 
population of the fo r m a l l y vacant 2p o r b i t a l at the carbonium ele c t r o n 
d e f f i c i e n t c e n t r e . He has thus shown that a high/low 2p (C ) population 
w i l l lead to a p r e f e r e n t i a l l y staggered/eclipsed conformation and that 
the 2p(C +) population i n the staggered form may be treated as a measure 
of the r e l a t i v e hyperconfugative a b i l i t i e s of the C - X bond. 
101. 
2.10 Interconvers ion of c l a s s i c a l ions v i a bridge prorogated 
f1uoroethylene 
E l e c t r o p h i l i c a d d i t i o n of a proton to fluoroethylene can also 
produce the bridge protonated species. 
K 
i - ... i C C 
I t i s of i n t e r e s t to examine the r e a c t i o n co-ordinate r e l a t i n g 1-and 2" 
f l u o r o e t h y l cations through bridge protonated fluoroethylene. The 
geometry of the bridged ion was taken t o be that previously optimised 
f o r the corresponding u n s u b s t i t u t e d bridged ion w i t h a proton 
replaced by f l u o r i n e at a C - F bond length of 1.33A. S t a r t i n g from 
the e n e r g e t i c a l l y p r e f e r r e d eclipsed conformation of 2 - f l u o r o e t h y l 
c a t i o n , the transformation to the bridged ion involves moving 
H(3) [H(4)] i n a s t r a i g h t l i n e from i t s i n i t i a l p o s i t i o n to i t s 
f i n a l p o s i t i o n i n bridge protonated f l u o r o e t h y l e n e , w h i l s t r o t a t i n g 
H(4) [H(3)| i n t o the the F - C(2) - C ( l ) plane. This, i n f a c t 
corresponds to a continuous change i n the C(2) - H(3) [H(4^ bond length. 
The C - C bond length and C(2) - H(4) [H(3)] bond angles were assumed 
to change continuously throughout the transformation. This transformation 
may be represented d i a g r a m a t i c a l l y as i n f i g 2.9. 
The r e s u l t s are shown i n f i g 2.10. 
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Fig 2.9 Diagram of the atomic movements involved i n the transformation 
of 2- f l u o r o e t h y l cation to 1- f l u o r o e t h y l cation v i a the 
bridge-protonated form. 
The i n t e r e s t i n g f e a t u r e evident from f i g 2.10 i s t h a t i t i s possible to 
transform 2 - f l u o r o e t h y l c a t i o n i n t o 1 - f l u o r o e t h y l c a t i o n without 
a c t i v a t i o n b a r r i e r , through bridge protonated f l u o r o e t h y l e n e . The 
bridged i o n i s c a l c u l a t e d to be 12.10 k c a l mole ^ more stable than 
2 - f l u o r o e t h y l c a t i o n but since no a c t i v a t i o n energy i s required i n 
transformation to 1 - f l u o r o e t h y l c a t i o n a d i s c r e t e existance of t h i s 
ion i s not p r e d i c t e d . Thus, the o v e r a l l e l e c t r o p h i l i c a d d i t i o n of 
HX to the o l e f i n should y i e l d CH^CHFX, as i s observed experimentally. 
The a c t i v a t i o n energy f o r the transformation of the 1- i n t o the 
2- f l u o r o e t h y l c a t i o n w i l l be l a r g e , and the t r a n s i t i o n s t a t e must 
approximate very c l o s e l y to the 2 - f l u o r o e t h y l c a t i o n . 
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Fig 2.10 Reaction coordinate f o r the transformation of 2- f l u o r o e t h y l 
c a t i o n to 1- f l u o r o e t h y l c ation v i a bridge-protonated 
fluoroethylene 
104. 
Calculations have been made of approximate s o l v a t i o n energies f o r 
these species w i t h the r e s u l t s shown i n table 2.13. As expected the 
de l o c a l i s a t i o n of the p o s i t i v e charge by f l u o r i n e i n the 1- f l u o r o e t h y l 
c a t i o n considerably lowers the s o l v a t i o n energy w i t h respect to the 
2- f l u o r o e t h y l c a t i o n . 
Table 2.13 Calculated s o l v a t i o n energies f o r the C^H^F* system. 
Esolv ( k c a l mole 
1- f l u o r o e t h y l -112.4 
2- f l u o r o e t h y l -126.6 
pr o t ^ f l u o r o e t h y l e n e -127.0 
On t h i s basis i t may be seen t h a t the energy separation between the 
1-and 2 - f l u o r o e t h y l c a t i o n s , and that between the bridge protonated 
fluoroethylene and the 1 - f l u o r o e t h y l c a t i o n should both be reduced, 
w h i l s t t h a t between the 2 - f l u o r o e t h y l c a t i o n and the bridge protonated 
fluoroethylene molecule should be l e f t v i r t u a l l y unchanged. Hence the 
net r e s u l t i n s o l u t i o n should be e s s e n t i a l l y the same but w i t h a 
s l i g h t l y reduced a c t i v a t i o n b a r r i e r . Thus, s t a r t i n g from CH PCD only 
CHD^ CKF should be produced w i t h no scrambling at C(2). This i s i n 
contrast to the e t h y l cation discussed p r e v i o u s l y . Furthermore, the 
bridged i o n i s no longer the t r a n s i t i o n s t a t e as f o r the transformation 
suggested i n the case of the e t h y l c a t i o n rearrangement. 
Some measure of the e l e c t r o n i c e f f e c t of r e p l a c i n g hydrogen by 
f l u o r i n e i n the bridged ion can be obtained by comparing the r e l a t i v e 
energies f o r formation of the bridged ions from the corresponding 
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Taking protonated ethylene as standard the r e l a t i v e energy f o r the 
production of protonated fluoroethylene i s calculated t o be +7.0 
kca l mole . Thus production of the bridged ions from the corresponding 
ethylenes i s i n h i b i t e d by replacing hydrogen by f l u o r i n e . Conversely, 
s t a r t i n g from the corresponding ethanes i t i s r e l a t i v e l y (*/7.5 kcals mole "*") 
easier to produce the bridge protonated fluoroethylene. 
I n f i g u r e 2.11 are shown the bond overlap populations f o r the 
bridged ions. The i n t e r e s t i n g p o i n t i s t h a t w h i l s t the b r i d g i n g hydrogen 
i s symmetrically placed along the CC a x i s , the CH bond overlap 
populations are unequal. This i n e q u a l i t y i s biased i n favour of the 
formation of 1 - f l u o r o e t h y l c a t i o n , which gives a simple p i c t o r i a l 
i n t e r p r e t a t i o n of the d r i v i n g force f o r the transformation. Closely 
r e l a t e d to bond overlap populations obtained i n non-empirical 
treatments are p a r t i t i o n e d bond overlap populations d e f i n e d by equation 
118 
(2.5) f o r CNDO SCF MO treatments. 
T = 2 I P S „ (2.5) uv L yv yv 
I t may be seen th a t e s s e n t i a l l y the same r e s u l t may thus be derived from 
a CNDO treatment since the p a r t i t i o n e d bond overlap populations are 
o 
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Fig 2.11 Bond overlap populations f o r bridge-protonated ethylene and 
bridge-protonated fluoroethylene 
2.11 The Fluoronium Ion 
E l e c t r o p h i l i c a d d i t i o n of the h y p o t h e t i c a l F species, or a 
s u i t a b l e precursor, could r e s u l t i n an i n i t i a l production o f the 
c l a s s i c a l 2 - f l u o r o e t h y l c a t i o n , or a bridged fluoronium i o n . A cursory 
examination of a v a i l a b l e experimental data provides, at most, very 
s l i g h t evidence f o r the l a t t e r p o s s i b i l i t y , but t h e o r e t i c a l l y the 
fluoronium ion represents a most i n t e r e s t i n g s t r u c t u r e , worthy of 
i n v e s t i g a t i o n . The geometry of the carbon hydrogen framework was 
107. 
assumed to remain e s s e n t i a l l y the same as t h a t i n bridge protonated 
ethylene, and, using the C,F(7,3/3,1)H(3/1) basis set, the energy of 
the species was studied as a f u n c t i o n of the distance of the b r i d g i n g 
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Fig 2.12 T o t a l energy of fluoronium ion as a f u n c t i o n of the distance 
of the F atom from the centre of the CC bond 
In t h i s way a p a r t i a l l y optimised geometry was obtained i n which the 
f l u o r i n e atom was at 1.466A from the CC bond centre. The t o t a l energy 
of the species suggests that i t would be -v 3.6kcal mole ^ more st a b l e 
than the 2 - f l u o r o e t h y l c a t i o n . Furthermore i t i s most l i k e l y t h a t 
more complete geometry op t i m i s a t i o n s f o r both ions together w i t h the 
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Fig 2.13 Summary of the work of Olah ——* -ii?. concerning the i o n i s a t i o n 
of 2-halo-3-fluoro-2,3-dimethyl butanes i n SO^SbF^ 
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i n c l u s i o n of p o l a r i s a t i o n functions i n the basis set would increase t h i s 
gap, thus making 3.6 kcal mole 1 a lower l i m i t f o r the r e l a t i v e 
s t a b i l i t y of the bridged i o n . These points w i l l be discussed i n greater 
d e t a i l l a t e r . The ca l c u l a t e d r e l a t i v e energies of the various 
isomeric (C^H F ) + species are sumarised i n table 2.14. 
Species Relative Energy (kcal mole ^) 
1 f l u o r o e t h y l * 0.0 
2 f l u o r o e t h y l * 39.36 
Fluoronium Ion 35.78 
P r o t d fluoroethylene 27.26 
Table 2.14 Relative energies of isomeric C H F + species 
I n view of the i n d i c a t e d s t a b i l i t y of the fluoronium i o n i t i s of 
i n t e r e s t t o i n v e s t i g a t e i n some d e t a i l the experimental data relecant 
78 119 
to t h i s p o i n t . Figure 2.13 summarises some of Olah's — * work on 
the i o n i s a t i o n of 2~halo 3-fluoro 2,3-dimethyl butanes i n SO^ SbF^  
The existance of bridged iodonium, bromonium and chloronium ions are 
stro n g l y supported by the nmr data. However i n the case of f l u o r i n e , 
Olah r a t i o n a l i s e s h i s data not i n terms of a fluoronium i o n , but of a 
r a p i d l y e q u i l i b r a t i n g p a i r of c l a s s i c a l ions w i t h an intramolecular 1, 2 
f l u o r i n e s h i f t . Were t h i s i n t e r p r e t a t i o n of the nmr data the only one 
possible i t would be very d i f f i c u l t to envisage t h i s t r a n s f e r occuring 
without i n v o l v i n g an intermediate species very akin to the fluoronium 
ion. Thus i t might be argued t h a t the c l a s s i c a l and bridged ions are 
close i n energy - as r e s u l t s here would i n d i c a t e - and that t h i s i s 
analogous t o the case of bridge protonated ethylene and e t h y l c a t i o n . 
Olah's analysis of the chemical s h i f t and coupling constant data are 
given i n f i g 2.14 but these are by no means incompatible w i t h the 
* most stable conformers 
110. 
p o s t u l a t e o f a b r i d g e d f l u o r o n i u m i o n and t h i s a l t e r n a t i v e i n t e r p r e t a t 
o f the d a t a i s i n c l u d e d i n f i g 2.14 
F i g u r e 2.14 
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A prime d i f f i c u l t y i m p l i c i t i n 0.1ahvs i n t e p r e t a t i o n of the 
data i s the existance of other possible competative rearrangements. 
For example, 1, 2 Methyl s h i f t s , which are known to be extremely 
f a c i l e , could lead t o formation of the i o n C(Me).C M F, which i s 
c l e a r l y i n c o n s i s t e n t w i t h the nmr data. However, independent 
evidence would suggest t h a t i f c l a s s i c a l ions are i n v o l v e d then 
t h i s should be the thermodynamically most stable species. For example 
f i g 2.15 shows some experimental data concerning the i o n i s a t i o n of 
1- f l u o r o - 2- methyl- 2- proponol i n magicacid, together w i t h a 
pos t u l a t e d mechanism to e x p l a i n the formation of the product ion i n 
which a f l u o r i n e atom and a methyl group s t a b i l i s e whe e l e c t r o n 
d e f i c i e n t centre. This ion I I i s thermodynarnically more s t a b l e 
111. 
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Fig 2.15 Proposed mechanism f o r the rearrangement of the carbonium i o n 
i n i t i a l l y produced upon i o n i s a t i o n of 1-fluoro-2-methyl-2-propanol 
i n magic acid 
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than the i n i t i a l l y formed i o n ( I ) w i t h two methyl groups attatched to 
the e l e c t r o n d e f i c i e n t centre and the f l u o r i n e atom attached to the other 
carbon e x e r t i n g a d e s t a b i l i s i n g influence as i n d i c a t e d by the r e l a t i v e 
s t a b i l i t i e s of the 1- and 2- f l u o r o e t h y l cations. Thus even i f i t 
assumed t h a t the s t a b i l i s i n g e f f e c t of a methyl group at an 
e l e c t r o n d e f i c i e n t centre i s the same as f o r a f l u o r i n e atom, the 
energetic preference f o r I I over I , which a p r i o r i might be considered 
as the two most stable carbonium ions i n t h i s r e a c t i o n sequence, 
would s t i l l be -vlO k c a l mole V. 
C l e a r l y , r e s o l u t i o n of the problem would be aided by c a l c u l a t i o n s 
along an i d e a l i s e d r e a c t i o n coordinate r e l a t i n g the c l a s s i c a l ions 
through the bridged fluoronium i o n . I n an i d e a l i s e d r e a c t i o n 
coordinate t h i s corresponds t o s l i d i n g the fluoronium atom i n 
2 - f l u o r o e t h y l c a t i o n along a s t r a i g h t l i n e along the CC bond to i t s 
f i n a l p o s i t i o n i n the fluoronium i o n , which involves a continuous 
v a r i a t i o n of CF bond length. Simultaneously the hydrogen atoms 
attatched to C(2) are moved towards the plane perpendicular to 
the F - C(2) - C ( l ) plane, and the hydrogens attatched to C ( l ) 
are r o t a t e d i n t o t h i s plane. The basis set used was the previously 
employed C,F(7,3/3,1) H ( 3 / l ) . The r e s u l t s are shown di a g r a m a t i c a l l y 
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Fig 2.16 Diagram showing the considerable r i s e i n t o t a l energy i n the 
transformation between 2 - f l u o r o e t h y l cation and the fluoronium 
ion. 
Though these r e s u l t s are probable not accurate q u a n t i t a v e l y 
(the energies are quoted to two decimal places, representing the l i m i t 
of computational accuracy r a t h e r than i n d i c a t i n g any proposed l i m i t s 
of accuracy imposed by choice of geometries and basis s e t ) , the 
q u a l i t a t i v e p i c t u r e they present should be r e l i a b l e . C l e a r l y the important 
r e s u l t i s t h a t a s u b s t a n t i a l a c t i v a t i o n b a r r i e r i s involved i n 
t r a n s f e r r i n g the f l u o r i n e atom i n an int r a m o l e c u l a r manner. 
As po s t u l a t e d i n secti o n 2.5 the small energy d i f f e r e n c e between 
the c l a s s i c a l and the bridged species may mean that c o r r e l a t i o n energy 
d i f f e r e n c e s between the 2 - f l u o r o e t h y l c a t i o n and the fluoronium i o n w i l l 
assun-j importance. Hence values of E i n t r a have been c a l c u l a t e d r c o r r 
114. 
from the atomic p a i r c o r r e l a t i o n energies of Snyder and Basch (table 2.7a) 
and these are shown i n table 2.15 
Table 2.15 Estimates of A E i n t r a f o r bridged and c l a s s i c a l ions ( i n a.u.) 
Atom Fluoronium 2-Fluoroethyl 
H 
ion c a t i o n 
Is - Is -0.0398 -0.0398 
Is - 2s -0.0055 -0.0055 
Is - 2p -0.0164 -0.0165 
2s - 2s -0.0117 -0.0115 
2s - 2p -0.0851 -0.0839 
2p - 2 P -0.0663 -0.0666 
2 P - 2p' -0.1083 -0.1092 
Is - Is -0.0818 -0.0818 
Is - 2s -0.0079 -0.0078 
Is - 2p -0.0172 -0.0171 
2s - 2s -0.0375 -0.0368 
2s - 2p -0.1055 -0.1029 
2p - 2p -0.0740 -0.0735 
2p - 2 P f -0.0688 -0.0688 




AE = 0.002au = 1.26 k c a l mole w i t h respect to the c l a s s i c a l i o n . 
I t i s evident from these data t h a t c o r r e l a t i o n energy corrections may 
w e l l be of s i m i l a r magnitude to the SCF cal c u l a t e d energy d i f f e r e n c e 
between the fluoronium ion and the c l a s s i c a l 2 - f l u o r o e t h y l c a t i o n . 
These c a l c u l a t i o n s , taken i n conjunction w i t h a l l the availa b l e 
experimental data, suggest that the only consistent i n t e r p r e t a t i o n i s 
that the fluoronium ion represents a l o c a l minimum on the C^U.^F+ p o t e n t i a l 
energy surface. The weight of evidence presented here then suggest that 
the i o n i s a t i o n of 2, 3 - d i f l u o r o -2,3-dimethyl butanes inSbF,_/S0 2 as 
studied by Olah produces a bridged fluoronium ion rather than a r a p i d l y 
115. 
e q u i l i b r a t i n g p a i r of c l a s s i c a l 2 - f l u o r o e t h y l c a t i o n s . 
2.12 P o t e n t i a l Energy Surface f o r (C_H C l ) + system 
— — — 1—, 2 4 
So f a r some aspects of the p o t e n t i a l energy surface f o r the 
+ 
2^4 system have been examined f o r X « H and F. Some very 
d i s t i n c t d i f f e r e n c e s have emerged between these two systems and i t 
i s possible to draw several conclusions concerning substituent 
e f f e c t s , p a r t i c u l a r l y w i t h regard to the s t a b i l i s a t i o n of ele c t r o n 
d e f f i c i e n t centres i n carbonium ions. Hence i t i s of considerable 
i n t e r e s t to pursue f u r t h e r the i n v e s t i g a t i o n of such e f f e c t s and 
thus to examine the replacement by chlorine of a hydrogen atom i n the 
prototype system. I n t h i s way i t should be possible to define the 
sub s t i t u e n t e f f e c t s w i t h greater p r e c i s i o n and recognise some emerging 
trends. 
2.13 Conformational Processes i n Chloroethane and 1- and 2-
Chloroethyl Cations. 
Chloroethane 
The f i r s t molecular system and process to be in v e s t i g a t e d i n 
t h i s s e c t i o n was the conformational processes i n chloroethane, 
c a l c u l a t i o n s which also served to test the adequacy of the basis set 
121 . . . used f o r c h l o r i n e . The basis set consisted of 75 p r i m i t i v e 
gaussian f u n c t i o n s , optimised 10s 6p f o r c h l o r i n e , 7s 3p f o r carbon and 
3s f o r hydrogen, which were reduced to 27 contracted functions corresponding 
to contracted sets of 4s 2p on c h l o r i n e , 3s lp on each carbon and Is on 
each hydrogen. Preliminary c a l c u l a t i o n s c a r r i e d out on the 2-chloroethy1 
cation w i t h an STO - 3G basis set and i n c l u d i n g d o r b i t a l s on chlorine 
in d i c a t e d that d o r b i t a l p a r t i c i p a t i o n i s n e g l i g i b l e as f a r as the 
c l a s s i c a l ions are concerned, and hence t h i s almost c e r t a i n l y applies 
also to chloroethane. 
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The geometry used was the same carbon hydrogen framework 
optimised f o r ethane, taking a CC1 distance of l.Uk,^^- and bond 
angles were f i x e d at 109.5°. The c a l c u l a t i o n s were performed on the 
staggered and eclipsed conformations of chloroethane, and the b a r r i e r 
to r o t a t i o n obtained i s shown i n table 2.16, where comparison has 
also been made w i t h the r e s u l t s of the c a l c u l a t i o n s upon fluoroethane 
and ethane which used comparable basis sets. 
Table 2.16 Barr i e r s to I n t e r n a l Rotation i n Ethane and haloethanes .(kcal mole 
Calculated Experimental 
Ethane 2.72 2.93 — 
Fluoroethane 2.60 3.33 
Chloroethane 3.33 3.69 
The b a r r i e r s are i n reasonable agreement w i t h the experimental values, 
and i n d i c a t e t h a t the basis set f o r chl o r i n e i s adequate f o r discussion 
of conformational processes. The component energy terms are shown i n 
table 2.17. 
Table 2.17 Rotational components f o r Chloroethane 
Etot(au) (Vne + T)(au) Vee(au) Vnn(au) 
stag -537.475518 -944.019214 303.498782 103.04491 
e c l i p -537.470215 -944.153704 303.576414 103.10707 
|AVatt| '= 0.072au 
AVrepI = 0.078au 
A Etot = 3.33kcal mole 1 
The a t t r a c t i v e and repulsive terms have also been p l o t t e d f o r the three 
compounds, f i g 2.17. Clearly although the r o t a t i o n a l b a r r i e r s are 















Fig 2.17 V a r i a t i o n w i t h conformation of a t t r a c t i v e and repulsive components 
of energy b a r r i e r s of ethane, fluoroethane and chloroethane. 
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and r e p u l s i v e energy terms increase progressively i n going from 
ethane to fluoroethane to chloroethane, which may be compared w i t h 
the s i t u a t i o n i n the f l u o r o and chloro s u b s t i t u t e d cations discussed 
s h o r t l y . 
The geometries f o r the c h l o r o e t h y l cations were derived from 
t h a t optimised f o r e t h y l c a t i o n , w i t h a hydrogen at or being 
replaced by a chl o r i n e atom at a standard CC1 distance of 1.77&, and 
bond angles once again being assumed r i g i d at 109.5° and 120° f o r sp^ 
2 
and sp environments r e s p e c t i v e l y . The basis set was the same as the 
above f o r chloroethane i . e . chlorine (10s 6p/ As 2p), carbon (7s 3p/3s lp ) 
and hydrogen (3s / Is ) i . e . a t o t a l of 72 p r i m i t i v e gaussian functions 
contracted t o 26 functions. 
1-Chloroethyl c a t i o n 
The r e s u l t s f o r the 1-chloroethy 1 c a t i o n , together w i t h those f o r 
the 1 - f l u o r o e t h y l c a t i o n f o r comparison, are shown i n f i g 2.18. There 
are two main points of i n t e r e s t . F i r s t l y , the small r o t a t i o n a l 
b a r r i e r (0.53 k c a l mole which i s very comparable to the 1-chloroethy1 
cation and secondly t h a t the most stable conformer has chl o r i n e e c l i p s i n g 
hydrogen and the least stable conformer i s staggered, which i s the 
exact p a r a l l e l of the case f o r the 1-chloroethyl c a t i o n . The r o t a t i o n a l 
b a r r i e r has been analysed i n terms of component a t t r a c t i v e and repulsive 
terms as before and the r e s u l t s are shown i n tab l e 2.18. 
Table 2.18 Rotat i o n a l components f o r the 1-chloroethyl cation 
Conformation Etot(au) (Vne + T) (au) Vee(au) Vnn (au) 
H e c l i p CI -536.519439 -911.061590 282.408806 92.133345 
H e c l i p H -536.518589 -911.023762 282.400473 92.104701 
|AVatt| = 0.00918au 
|AVrep| = 0.00833au 
AEtot = 0.53kcal mole 1 
119. 
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2.18 Conformational behaviour of the 1- ch l o r o e t h y l cation 
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Clearly the b a r r i e r i s a t t r a c t i v e l y dominated, as was the case f o r the 
1-and 2 - f l u o r o e t h y l cations. Examination of table 2.4 and 2.10 show 
that as i n the case of the s u b s t i t u t e d ethanes the magnitude of the 
energy components increases i n going from the e t h y l cation to the 
1- f l u o r o e t h y l c a t i o n to the 1-chloroethyl c a t i o n . CNDO cal c u l a t i o n s 
have been performed upon the 1-chloroethyl cation and the same ordering 
of s t a b i l i t i e s of conformers i s predicted as by non empirical 
c a l c u l a t i o n . The r o t a t i o n a l b a r r i e r produced, 0.31kcal mole , i s also 
i n good agreement w i t h the ab i n i t i o r e s u l t . 
2- Chloroethyl Cation 
The r e s u l t s f o r the 2-chloroethyl cation are shown diagr a m a t i c a l l y 
i n f i g 2.19. The r o t a t i o n a l b a r r i e r i s seen to be s l i g h t l y larger 
(0.91 k c a l mole ) than i n the 1-chloroethy1 c a t i o n , and now the most 
stable conformer i s staggered. These r e s u l t s contrast quite s t r i k i n g l y 
w i t h those obtained f o r the 2 - f l u o r o e t h y l c a t i o n , where the calculated 
b a r r i e r i s much larger and the most stable conformer has f l u o r i n e 
e c l i p s i n g hydrogen. These r e s u l t s suggest that the dominating 
influence upon the r o t a t i o n a l b a r r i e r i s d i f f e r e n t from t h a t i n the 
Table 2.19 Rotat i o n a l components f o r the 2-chloroethyl cation 
Conformation Etot(au) (Vne + T) (au) Vee(au) Vnn(au) 
HH I! HH -536.473015 - 916.756102 285.906789 94.776299 
CI e c l i p H -536.471559 -917.552254 286.535764 94.544931 
|AVatt| = 0.62752 
|AVrep| = 0.628975au 
AEtot = 0.91kcal mole 
1-chloroethyl cation and the 1- and 2- f l u o r o e t h y l cations, and the 
energy components are shown i n table 2.19. By comparison w i t h both 
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1§ 2.19 Conforma!:ional behaviour of the 2- c h l o r o e t h y l c a t i o n , i n c l u d i n 
r e s u l t s obtained w i t h the use of an ST0-3G basis set 
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of both the a t t r a c t i v e and repulsive components are much l a r g e r f o r 
both the 2 s u b s t i t u t e d e t h y l cations, t h a t f o r chloro again being 
larger than f o r the f l u o r o species. The change i n a t t r a c t i v e components 
i s going from the staggered (HH p a r a l l e l to HH) to eclipsed 
(H e c l i p s i n g F or CI) conformations i s opposite i n sign f o r the 
f l u o r o as compared to the chloro species, being la r g e r i n absolute 
magnitude f o r the l a t t e r . For the 2-chloroethyl c a t i o n , however, 
the change i n repulsive terms i s dominant so tha t o v e r a l l the b a r r i e r 
to r o t a t i o n i s now much smaller than f o r the 2 - f l u o r o e t h y l c a t i o n . 
Rotational b a r r i e r s i n several 2 s u b s t i t u t e d e t h y l cations have now 
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been i n v e s t i g a t e d by Pople and co-workers w i t h the computationally 
inexpensive STO 3G basis set, and the r e s u l t s are shown i n table 2.20. 
Table 2.20 Calculated Barriers to Rotation i n some 2 su b s t i t u t e d 
. , . 125 e t h y l cations 
XCH CH — j_ 
2 2 Rotational B a r r i e r (kcal mole ) Most stable conformer 
H 0.00 — 
F 10.53 E c l i p (Feclip H) 
CI 1.40 staggered 
CH3 2.52 staggered 
CH2CH3 3.73 staggered 
CH2F 2.11 staggered 
CH20H 0.91 staggered 
CH2CN 0.87 staggered 
With the exception of the 2 - f l u o r o e t h y l c a t i o n the r o t a t i o n a l b a r r i e r 
i n simple 2 s u b s t i t u t e d e t h y l cations tend to be f a i r l y small, which 
accords w i t h the c l a s s i c a l view of organic chemists of free r o t a t i o n 
i n simple carbonium ions. To in v e s t i g a t e the comparison between 
ca l c u l a t i o n s employing d i f f e r e n t basis sets, the 2- ch l o r o e t h y l c a t i o n 
was also i n v e s t i g a t e d i n an STO 3G basis set i n c l u d i n g 3d o r b i t a l s 
on c h l o r i n e (exponent 1.8). The r e s u l t s are included i n f i g 2.19 and 
the component analysis i s shown i n table 2.21, where good agreement i s 
shown w i t h table 2.19. 
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Table 2.21 Rotational components (STO 3G) f o r 2-chloroethyl c a t i o n 
Conformation Etot (au) (Vne + T)(au) Vee(au) Vnn(au) 
HH // HH -531.504024 -912.074439 286.194116 94.376266 
CI e c l i p H -531.501796 -912.860089 286.813362 94.544931 
|AVatt| = 0.6170au 
|AVrep| = 0.6l92au 
AEtot = 1.398kcal mole""1 
Part of the d i f f e r e n c e i n calculated b a r r i e r to r o t a t i o n may a r i s e 
from the use of unoptimised exponents i n the STO 3G basis set. (Exponents 
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were evaluated by a p p l i c a t i o n of Burns Rules see Appendix V) . 
For none of the occupied o r b i t a l s i s there s i g n i f i c a n t d o r b i t a l 
p a r t i c i p a t i o n on chlorine and f o r the c l a s s i c a l c h l o r o e t h y l cations 
the r o l e of 3d o r b i t a l s i s t h a t of p r o v i d i n g p o l a r i s a t i o n functions 
f o r the s, p basis set. 
CND0 ca l c u l a t i o n s have been performed on the 2-chloroethyl 
c a t i o n , reproducing the ab i n i t i o r e s u l t s of the r e l a t i v e s t a b i l i t i e s 
of the various conformers. The predicted r o t a t i o n a l b a r r i e r , 
5.16 k c a l mole \ i s rather large i n comparison w i t h the ab i n i t i o r e s u l t , 
but the r e l a t i v e b a r r i e r s 
2- c h l o r o e t h y l > 1-chloroethyl 
i s p r edicted i n agreement w i t h the r e s u l t of the non empirical 
treatment. 
2.14 Relative Energies of 1- and 2- s u b s t i t u t e d e t h y l cations 
For both the chloro and f l u o r o s u b s t i t u t e d e t h y l cations, the 
1- s u b s t i t u t e d carbonium ion i s more stable due to the s t a b i l i s a t i o n 
of the e l e c t r o n d e f f i c i e n t centre by d e l o c a l i s a t i o n from the lone p a i r 
on the halogen. The energy d i f f e r e n c e s between the 1- and 2- s u b s t i t u t e d 
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species are 39.36 k c a l mole" and 29.23kcal mole" f o r the f l u o r o 
and chloro species r e s p e c t i v e l y . The energy difference f o r the f l u o r o 
species is somewhat lar g e r than that f o r the chloro species and t h i s 
can be ascribed l a r g e l y to the larger sigma indu c t i v e e f f e c t of f l u o r i n e 
which tends to d e s t a b i l i s e the 2- f l u o r o e t h y l c ation r e l a t i v e to the 
1- f l u o r o e t h y l c ation more than the r e l a t i v e e f f e c t of chlorine 
i n the respective chloro cations. This point w i l l be i l l u s t r a t e d 
f u r t h e r i n section 2.16. 
2.15 Interconversion of the 1- and 2- Chloroethyl Cations 
In the e l e c t r o p h i l i c a d d i t i o n of a proton to chloroethylene, the 
production of the bridge protonated species i s a t h e o r e t i c a l p o s s i b i l i t y , 
which w i l l also be a p o t e n t i a l intermediate i n the inverconversion of 
the c l a s s i c a l 1-and 2-chloroethy1 cations. The geometry of the bridged 
ion was taken to be t h a t previously optimised f o r the corresponding 
unsuhstituted bridged i o n , w i t h a hydrogen atom replaced by chlorine 
at a CC1 bond distance of 1.77A. S t a r t i n g from the e n e r g e t i c a l l y 
p r e f f e r e d (HH p a r a l l e l to HH) conformation of 2-chloroethyl cation 
the transformation to the bridge protonated ion involves (see f i g 2,20) 
moving H ( l ) i n a s t r a i g h t l i n e from i t s i n i t i a l to i t s f i n a l p o s i t i o n 
i n bridge protonated chloroethylene, w h i l s t Cl and H(2) are moved i n t o 
plane and H(3) and H(4) are r o t a t e d i n t o plane, both movements i n v o l v i n g 
a continuous change i n dihed r a l angle. The second stage of the 
transformation involves moving H(1) i n a s t r a i g h t l i n e from i t s 
i n i t i a l p o s i t i o n i n the 1-chloroethyl c a t i o n , w h i l s t Cl and H(2) are 
rotated i n t o the v e r t i c a l plane and H(3) and H(4) are moved to t h e i r 
f i n a l p o s i t i o n s , again by means of continuous v a r i a t i o n of dihedral 
angles. In both stages of the transformation, the CC bond length and 
125 
a l l CH bond lengths are v a r i e d continuously and v a r i a t i o n s of bond 
angles are also continuous. The r e s u l t s are shown g r a p h i c a l l y i n 
f i g 2.21. 











Fig 2.20 Diagram of atomic movements involved i n the transformation of 
2- c h l o r o e t h y l cation v i a bridge-protonatied chloroethylene 
Several features of i n t e r e s t emerge from t h i s r e a c t i o n p r o f i l e and from 
comparison of t h i s w i t h those derived p r e v i o u s l y f o r the hydrogen and 
f l u o r i n e analogues. For the interconversion of the unsub s t i t u t e d e t h y l 
cations an a c t i v a t i o n b a r r i e r of 5.2 k c a l mole 1 was found, where the 
bridge protcnated ethylene was the t r a n s i t i o n s t a t e . For the f l u o r o e t h y l 
cations inverconversion no a c t i v a t i o n b a r r i e r was found f o r the 
transformation of the 2- to 1- f l u o r o e t h y l c a t i o n s , and i t was apparent 
126. 
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2.21 Reaction coordinate f o r the transformation of 2- ch l o r o e t h y l c a t i o n 
to 1- c h l o r o e t h y l cation v i a b r i d g e - p r o t o n a t e d chloroethylene 
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that the bridge protonated fluoroethylene should not have a d i s c r e t e 
existence. The shape of the p o t e n t i a l energy cross section f o r the 
inter c o n v e r s i o n of the c h l o r o e t h y l cations i s s i m i l a r to t h a t f o r 
the i n t e r c o n v e r s i o n of the f l u o r o e t h y l cations, byt there are some 
notable d i f f e r e n c e s . F i r s t l y there i s an a c t i v a t i o n b a r r i e r of about 
4.3 k c a l mole ^ f o r the o v e r a l l interconversion which i s present 
i n the f i r s t stage i . e . i n transforming 2 - c h l o r 0 e t h y l cation to bridge 
protonated chloroethylene. Secondly there is a s l i g h t a c t i v a t i o n 
b a r r i e r (about 0.3 k c a l mole ^) i n converting the bridge protonated 
chloroethylene to the 1-chloroethyl c a t i o n , though c l e a r l y t h i s w i l l 
not be of any importance and w i l l not ensure a dis c r e t e existance f o r 
the bridge protcnated species. As i n the case of fluoroe thy lene, i t i s 
pred i c t e d that e l e c t r o p h i l i c a d d i t i o n of HX should y i e l d CH^CHCIX, which 
i s i n accord w i t h experimental observation. Again, the a c t i v a t i o n energy 
required f o r the reverse transformation, i . e . from 1-to 2-chloroethyl 
cations, w i l l be very large (about 33.4 k c a l mole *) but now the 
t r a n s i t i o n s t a t e (as i n the case of the forward reaction) w i l l be 
intermediate i n character between the 2-chloroethy1 c a t i o n and bridge 
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protonated chloroethylene. I n the l i g h t of more recent work on the 
e f f e c t of p o l a r i s a t i o n functions i t seems l i k e l y t h a t the r e l a t i v e 
s t a b i l i t i e s of bridged ions w i l l tend to be underestimated i f they are 
not included. I n the c a l c u l a t i o n s reported here, the net e f f e c t of 
i n c l u s i o n of p o l a r i s a t i o n functions i n the examination of the C^H^Cl 
system i s l i k e l y to be the observation of a much b e t t e r defined l o c a l 
minimum f o r bridge-protonated chloroethylene, and could also produce 
a l o c a l minimum i n the case of the fluorosystera. I t seems l i k e l y t h a t 
these r e s u l t s w i l l be q u a l i t a t i v e l y the same i n s o l u t i o n , although 
the o v e r a l l energy d i f f e r e n c e between the 1- and 2- c h l o r o e t h y l cations 
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w i l l probably be reduced s l i g h t l y . I t i s clear t h a t , as i n the case of 
the 2 - f l u o r o c t h y l c a t i o n , that i n the case of CH^CLCD2 the only product 
of transformation w i l l be CHD^HCl i . e . no scrambling at C(2). 
As i n the case of the bridged protonated fluoroethylene, some 
i n s i g h t i n t o the re a c t i o n d r i v i n g force may be obtained by examination 
of CNDO/II p a r t i t i o n e d bond overlaps. The populations can be seen to 
be biased i n favour of the formation of the 1-chloroethyl cation 
0.157/ \ 0.150 
2.16 Thermochemical S t a b i l i t i e s 
A c a l c u l a t i o n using a comparable basis set has been performed 
upon chloroethylene and hence the examination of the d e s t a b i l i s i n g e f f e c t 
of halogen s u b s t i t u t i o n i n the bridge protonated species may be extended. 
AE , ( k c a l mole ) r e l 
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Whilst the e f f e c t of chlo r i n e s u b s t i t u t i o n i s to d e s t a b i l i s e the bridge 
protonated o l e f i n i t can be seen th a t i t i s less e f f e c t i v e i n t h i s 
than i s f l u o r i n e . This i s q u a l i t a t i v e l y i n accord w i t h expectation. 
The size of the energy d i f f e r e n c e between 1- and 2- chlo r o e t h y l 
cations (29.13 kca l mole **) indicates the large s t a b i l i s i n g e f f e c t 
of the ch l o r i n e attached to the e l e c t r o n d e f i c i e n t centre, but again 
t h i s s t a b i l i s a t i o n i s less e f f i c i e n t than i n the f l u o r o e t h y l c a t i o n , 
where the energy d i f f e r e n c e i s larg e r (39.36 k c a l mole 1 ) . This i s 
also demonstrated by a f u r t h e r examination of the r e l a t i v e energies 
f o r the process RH-*>R+ + H 
AE _ (kcal mole r e l 
CH3CH3 C H 3 C H 2 + ( 0 , 0 ) 
+ 
CH CHF -29.5 
CH3CH2F < ^ J 
CH2FCH2 +9.9 
+ 




The o v e r a l l e f f e c t of chlo r i n e s u b s t i t u t i o n p a r a l l e l s t h a t f o r f l u o r i n e 
s u b s t i t u t i o n . From mass spectometric appearence p o t e n t i a l s , Martin,Taft 
and Lampe have estimated that f o r the methyl c a t i o n replacement of 
H by F or Cl s t a b i l i s e s the r e s u l t i n g ion by 27 + 3 and 3 0 + 4 k c a l mole * 
re s p e c t i v e l y . These values are i n reasonable agreement w i t h those 
reported here. 
2.17 The Chloronium Ion 
Addition of the e l e c t r o p h i l e C l + or a s u i t a b l e precursor to 
ethylene could, i n an analogous fashion to F + a d d i t i o n , produce e i t h e r 
the c l a s s i c a l 2-chloroethyl c a t i o n or the bridged chioronium i o n . The 
experimental evidence of Olah, summarised e a r l i e r i n f i g 2.13, demonstrates 
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the existence of the tetramethyl-ethylene-bridged chloroniuni i on 
f a i r l y unequivocaly 
As i n the fluoronium ion work, computer l i m i t a t i o n s have 
prevented the f u l l o p t i m i s a t i o n of the chloronium ion geometry. Thus 
as a reasonable s t a r t i n g p o i n t the geometry of the ethylene fragment 
was taken once again as t h a t optimised p r e v i o u s l y f o r bridge protonated 
ethylene and then the energy of the species was i n v e s t i g a t e d as a 
f u n c t i o n of the distance of the c h l o r i n e atom from the centre of the 
CC bond, using the same basis set as f o r the c h l o r o e t h y l c a t i o n s , 
see f i g 2.22. 





- 5 3 8 . 4 © 
- 339.SO 
3b 33 4.0 4.3 
distance ot c h i o r l n a f r o m C C bond c e n t r a ( au ) 
Fig 2.22 Total energy of the chloronium ion as a fu n c t i o n of the distance 
of the CI atom from the CC bond centre 
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The Lhus p a r t i a l l y optimised geometries of both the chl o r o n i u n 
and fl u o r o n i u m ions are shown i n f i g 2.23, together w i t h the microwave 
12S c 
geometries • of oxirane and t h i i r a n e f o r comparison, although the 
protonated forms of these, which are i s o e l e c t r o n i c w i t h the fluoronium 
and chloronium ions r e s p e c t i v e l y , would provide more i n s t r u c t i v e 
comparison, were t h e i r geometries a v a i l a b l e . I n both cases the computed 
carbon-halogen bond lengths are considerably longer (<v0,6&) than the 
respective carbon oxygen and carbon sulphur bond lengths i n oxirane 
and t h i i r a n e . The carbon carhon bond length (1.468&) employed i n 
these c a l c u l a t i o n s f a l l s w i t h i n the same range as those i n the oxygen 
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Fig 2.23 P a r t i a l l y optimised geometries of fluoronium and chloronium ions 
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and the experimental (microwave) geometries of oxirane and 
t h i i r a n e 
132. 
For the l a t t e r the hydrogens are bent back by A, 21° and 24° respectively 
and the neglect of t h i s f a c t o r i n the p a r t i a l geometry opti m i s a t i o n 
f o r the bridged halonium ions i s l i k e l y t o be the s i n g l e most important 
d e f i c i e n c y . However on the basis of the much larger bond lengths 
between carbon and heteroatom f o r the bridged ions the out of plane 
bending of the hydrogens should be q u i t e small and i n the case of 
bridge protonated ethylene i t s e l f the c a l c u l a t i o n s reported e a r l i e r 
(section 2.3) i n d i c a t e t h a t small deformations from p l a n a r i t y are 
e n e r g e t i c a l l y inexpensive. I t seems l i k e l y , t h e r e f o r e , t h a t the out 
of plane bending i n the bridged ions w i l l be small and that the 
c a l c u l a t i o n s reported here provide a reasonable approximation to the 
geometry of these systems. 
For bridged halonium ions the halogen i s f o r m a l l y i n a valance 
state higher than normal and thus d o r b i t a l s might be expected to 
become r e l a t i v e l y more important compared w i t h the c l a s s i c a l ions. 
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A d e t a i l e d c a l c u l a t i o n on S protonated t h i i r e n e (which i s 
i s o e l e c t r o n i c w i t h the analpgous chlorine bridged acetylene species), 
w i t h an extended basis set show t h a t d o r b i t a l s on second row atoms do 
not play a major r o l e i n understanding s t r u c t u r e and bonding i n 
such species. Both the neglect of the 3d o r b i t a l s i n the bridged 
chloronium ion and the incomplete geometry optimisations w i l l tend to 
underestimate the energies of the bridged ions w i t h respect to the 
c l a s s i c a l s u b s t i t u t e d e t h y l cations and hence the c a l c u l a t i o n s should 
i n d i c a t e a lower l i m i t f o r the r e l a t i v e s t a b i l i t y of the bridged 
w i t h respect to the c l a s s i c a l ions. 
Fig 2.24 shows the r e l a t i v e energies of the bridged and c l a s s i c a l 
species f o r the ["C0H,x'l + (X = H,F,C1) system obtained i n these 
2 4 
cal c u l a t i o n s and i t may be seen that the r e l a t i v e s t a b i l i t y of the 
133. 
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Fig 2.24 Relative energies of c l a s s i c a l to bridged ions f o r the 
unsubstituted, i l u o r o and chloro systems 
134. 
chloronium i o n w i t h respect to the 2-chloroethyl cation i s now rather 
greater than was the case f o r the fluoronium i o n , and i n c l u s i o n of d 
o r b i t a l s would be expected to increase t h i s e f f e c t . 
Thus the r e s u l t s obtained i n t h i s work i n d i c a t e that f o r the 
i s o l a t e d molecules both the fluoronium and chloronium ions are more 
stable than t h e i r respective 2 s u b s t i t u t e d e t h y l cations and that the 
order of s t a b i l i t y of the bridged ions w i t h respect to the c l a s s i c a l 
ions i n H<F<C1, which i s i n keeping w i t h a v a i l a b l e experimental data. 
The chloronium i o n , l i k e the fluoronium i o n , i s predicted to be less 
stable than the corresponding 1 s u b s t i t u t e d e t h y l c a t i o n . 
CHAPTER 3 
EXPERIMENTAL AND THEORETICAL ASPECTS 
OF 




3.1 I n t r o d u c t i o n 
As i n d i c a t e d i n Chapter 1, Xray photo e l e c t r o n spectroscopy 
(ESCA) can provide valuable i n f o r m a t i o n on the s t r u c t u r e and bonding 
i n molecules. Furthermore, the core binding energies thus derived 
may be used as a s e n s i t i v e t e s t of the wave functions calculated 
t h e o r e t i c a l l y by non-empirical molecular o r b i t a l methods. 
I n t h i s work an experimental and t h e o r e t i c a l study was made 
upon the c l o s e l y r e l a t e d series of molecules CH^ COX, where X = H, 
CH3, OH, OCH3, NH2, NHCH^, COCH3, COOH, CN and OCOCH3. This 
series i s of p a r t i c u l a r i n t e r e s t to the organic chemist, carbonyl 
compounds occupying c e n t r a l importance i n a large part of synthetic 
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organic chemistry. The e l e c t r o n i c s t r u c t u r e s and the chemical 
p r o p e r t i e s - most importantly b a s i c i t y and r e a c t i v i t y towards 
nucleophiles are d r a s t i c a l l y influenced by the nature of the 
attached group X. Amides are the most basic of these compounds 
and the generally recognised order of b a s i c i t y i n s o l u t i o n i s 
amides > ketones > aldehydes > carboxylic acids > acid c h l o r i d e s . 
This trend should be r e f l e c t e d i n the core binding energies of 
both the carbon and oxygen atoms. A study of a series of c l o s e l y 
r e l a t e d molecules such as these a c e t y l compounds has the added 
advantage t h a t i t i s simple to measure the s h i f t i n core l e v e l s 
w i t h i n a given molecule, although by studying the samples as t h i n 
f i l m s on a gold backing and monitoring the fermi l e v e l of the 
l a t t e r the absolute binding energies f o r the core l e v e l s of these 
compounds have been obtained. The r e l a t i v e l y small size of these 
molecules also o f f e r s the p o s s i b i l i t y of non-empirical c a l c u l a t i o n s 
w i t h a p h y s i c a l l y balanced basis set. 
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Two approaches have been made to r e l a t e the experimental 
binding energies to t h e o r e t i c a l c a l c u l a t i o n s the t h e o r e t i c a l 
background f o r which has been covered i n Chapter 1. F i r s t l y , 
o r b i t a l energies obtained from the ab i n i t i o c a l c u l a t i o n s have 
been compared d i r e c t l y w i t h the measured binding energies, 
assuming Koopmans1 theorem. Secondly, the charge d i s t r i b u t i o n s 
obtained from the ab i n i t i o treatment have been correlated w i t h 
the measured binding energies using the charge p o t e n t i a l model 
of Siegbahn et a l . A c o r r e l a t i o n has also been performed w i t h 
the charge d i s t r i b u t i o n s obtained from CNDO/2 SCF MO c a l c u l a t i o n s . 
3.2 Experimental 
Spectra were recorded on an AEI ES 100 spectrometer, using 
Mg Kai,2 r a d i a t i o n . These measurements were made by Clark and 
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Barber using equipment at A.E.I., Manchester. Liq u i d samples 
(~0.2yl.) were introduced v i a a heated r e s e r v o i r shaft and 
i n s e r t i o n lock assembly. By ad j u s t i n g the temperature of the 
re s e r v o i r a convenient leak r a t e across a m e t r o s i l plug located i n 
the s haft was maintained, and samples were studied as condensed 
f i l m s on a cryogenic sample holder on a gold backing. Solid samples 
were mounted i n a c a p i l l a r y tube and, by employing an appropriate 
probe assembly and i n s e r t i o n locks, were sublimed d i r e c t l y onto 
the cooled probe. The conducting backing helped reduce sample 
charging e f f e c t s , but some small e f f e c t s remain and the binding 
energy d i f f e r e n c e s between d i f f e r e n t samples are estimated to be 
correct t o w i t h i n ±0.3 eV. The gold 4 f 7 / l e v e l at 84 eV was used 
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as a reference l e v e l . Overlapping peaks were deconvoluted using 
a Du Pont 310 curve r e s o l v e r . 
3.3 Q u a l i t a t i v e Discussion 
Core binding energy s h i f t s i n molecules are l a r g e l y determined 
by the l o c a l charge d i s t r i b u t i o n and thus the s h i f t s tend to 
p a r e l l e l i n t u i t i v e ideas concerning t h i s d i s t r i b u t i o n e.g. the large 
s h i f t of the C j s l e v e l of the carbonyl carbon atom 
However, since valence e l e c t r o n d i s t r i b u t i o n s i n molecules are 
continuous f u n c t i o n s , the assignment of 'charges' to atoms w i t h i n a 
molecule i s somewhat a r b i t r a r y and depends on how the overlap 
density i s p a r t i t i o n e d between atoms. Nevertheless, w i t h i n the 
l i m i t a t i o n s to the c a l c u l a t i o n of such charge d e n s i t y , the concept 
can be of great value i n organic chemistry. An organic chemist 
obtains an i n t u i t i v e idea of charge d i s t r i b u t i o n i n a system from 
a study of i t s chemistry. Thus he might make deductions about the 
charge density on a given atom from the ease of n u c l e o p h i l i c or 
e l e c t r o p h i l i c a t t a c k at t h a t centre. However, what he i s c a l l i n g 
charge d e n s i t y i s r e a l l y the energetics of the n u c l e o p h i l e / e l e c t r o -
p h i l e approach, i . e . a measure of the p o t e n t i a l experienced by the 
approaching species, which w i l l depend not only on the atom 
concerned but also on the charges on the other atoms i n the molecule. 
From the discussion of the charge p o t e n t i a l model (Chapter 1) i t i s 
evident t h a t there are close s i m i l a r i t i e s between the fa c t o r s 
determining ' i n t u i t i v e charge d i s t r i b u t i o n s ' and those determining 
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s h i f t s i n core binding energies. This shows the value of ESCA 
i n organic chemistry since the measured s h i f t s are c l o s e l y 
r e l a t e d to the organic chemists i n t u i t i v e charge d i s t r i b u t i o n s 
r a t h e r than a c t u a l charge d i s t r i b u t i o n s . 
The measured Cjg and 0 j g binding energies are presented 
i n Table 3.1. The assignment of i n d i v i d u a l core le v e l s i s 
discussed f u l l y i n the next section. C l e a r l y the most s t r i k i n g 
f eature i s the large d i f f e r e n c e between CH^ and CO binding 
energies f o r a l l the compounds. I n every case the carbonyl binding 
energy i s greater than that of the methyl carbon, the differences 
ranging from 4.6 eV f o r p y r u v o n i t r i l e to 2.9 eV i n acetaldehyde. 
The carbonyl C j s binding energies are strongly dependent upon the 
nature of the attached group X, varying from 290.2 eV i n pyruvo-
n i t r i l e t o 288.0 eV i n acetaldehyde. The methyl C^s binding energies 
are less influenced by the nature of X, varying from 286.6 eV i n 
p y r u v o n i t r i l e t o 285.0 eV i n acetamide. I n general the CO binding 
energies appear to p a r e l l e l the e l e c t r o n donating properties of 
the group X - the lowest binding energies are i n acetaldehyde, 
acetone and the two amides, and the highest binding energies are 
i n the molecules w i t h an attached oxygen, acetic a c i d , methyl 
acetate and a c e t i c anhydride. A high binding energy i s also observed 
i n p y r u v o n i t r i l e . The r e l a t i v e l y large £0 binding energy i n 
methyl acetate i s a feature of i n t e r e s t , the i n d u c t i v e e f f e c t of the 
methoxy oxygen overcoming the lone p a i r donation. The methyl C s^ 
binding energies approximately p a r e l l e l the carbonyl C i s binding 
energies, demonstrating a second-order s h i f t e f f e c t . 
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Table 3.1 Measured C 1 S and O i s core binding energies 
f o r CH3COX (eV) 
X C l s °ls 
H 288.0 (CO) 
285.1 (CH3) 
533.4 
CH3 288.3 (CO) 
285.3 (CH3) 
533.4 
COCH3 288.6 (CO) 
285.5 (CH3) 
535.3 








OH 289.9 (CO) 
285.6 (CH 3) 
534.4 (OH) 
533.1 (CO) 











NH2 288.5 (CO) 285.0 (CH 3) 
532.0 





The carbonyl oxygen Is binding energies are spread over a 
3.6 eV range, and again f o l l o w the carbonyl Ci binding energies. 
The amides show very low 0 i s l e v e l s which are due to lone p a i r 
donation from the n i t r o g e n . The r e l a t i v e order of the O^ g 
binding energies i n the two amides might not be that expected 
from a consideration of the methyl group ind u c t i v e e f f e c t , although 
the ab i n i t i o c a l c u l a t i o n s p r e d i c t the observed order. I n 
pyruvic a c i d , b i a c e t y l and p y r u v o n i t r i l e , where the carbonyl 
groups are adjacent to a second carbonyl group, i t i s i n t e r e s t i n g 
to note t h a t the carbonyl oxygen binding energy i s r e l a t i v e l y high. 
Siegbahn and co workers^^ have obtained C^g binding energies 
measured i n the gas phase f o r some of t h i s series of molecules and 
the two sets of r e s u l t s , together w i t h those f o r ethanol f o r 
comparison, are compared i n Table 3.2. The r e l a t i o n s h i p between 
s o l i d s t a t e and gas phase measurements was discussed i n Chapter 1 
and i t was shown that they could be r e l a t e d by means of an appropri-
ate Born cycle (Fig.1.7) . Thus, i n the absence of any strong 
intermolecular i n t e r a c t i o n s the d i f f e r e n c e should only be one of 
reference l e v e l . The table shows that the reference l e v e l 
d i f f e r e n c e i s about 5.6 ± 0.4 eV and the c o r r e l a t i o n between the 
two sets of r e s u l t s i s shown i n Fig. 3.1. The graph has a slope 
of 0.9, i n d i c a t i n g that s h i f t s i n the s o l i d phase are s l i g h t l y 
greater than those i n the gas phase. The c o r r e l a t i o n i s very good 
( r 2 = 0.97), and much of the scatter can be a t t r i b u t e d to sample 
charging e f f e c t s (± 0.3 eV) i n the s o l i d phase. The good c o r r e l a t i o n 
i n d i cates t h a t f o r a l i m i t e d series of molecules, measurements of 
core binding energies made i n the s o l i d state may be discussed i n 
terms of c a l c u l a t i o n s on i s o l a t e d molecules. 
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Table 3.2 Comparison of measured C i s binding energies 
w i t h those obtained from gas phase measurements 
Molecule So l i d Gas 
CH3CH2OH CH3 284.8 290.9 
CH2 286.2 292.3 
CH3COCH3 CH3 285.3 291.2 
CO 288.3 293.8 
CH3CHO CH3 285.1 291.3 
CO 288.0 293.9 
CH3COOCH2 CH3 286.0 291.2 
CO 289.8 294.8 
0CH3 287.0 292.4 
CH3COOH CH3 285.6 291.4 

























P l o t of s o l i d phase and gas phase measurements 
of binding energies 
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3.4 Q u a n t i t a t i v e Discussion 
Within the Hartree-Fock formalism, core binding energies 
may be examined as f o l l o w s : 
i ) Hole state c a l c u l a t i o n s 
i . e . E B E = (E - E. ) + AE + AE , -D*E,« molecule ion corr r e l 
thus a l l o w i n g f o r the r e l a x a t i o n of valence electrons 
on core i o n i s a t i o n . 
i i ) Koopmans' Theorem. 
i i i ) P o t e n t i a l models. 
i v ) Equivalent cores method. 
With molecules of the size of the a c e t y l compounds studied i n t h i s 
work, i t has not been p r a c t i c a b l e to i n v e s t i g a t e at the non 
e m p i r i c a l l e v e l other than by c a l c u l a t i o n s on the neutral molecule. 
Hence t h i s discussion i s i n terms of 
i ) Koopmans' theorem, and 
i i ) The charge p o t e n t i a l model. 
The charge p o t e n t i a l model i s r e l a t e d to Koopmans' theorem and 
t h e r e f o r e , i n p r i n c i p l e , both neglect e l e c t r o n i c reorganisation 
accompanying p h o t o i o n i s a t i o n . Since the e l e c t r o n i c s t r u c t u r e s of 
these molecules are f a i r l y s i m i l a r i t might be expected that 
r e l a x a t i o n at the CH3 and CO carbons to be somewhat s i m i l a r 
through the s e r i e s , although they could be q u i t e d i f f e r e n t f o r the 
two types of environment. 
In t h i s work ab i n i t i o c a l c u l a t i o n s have been performed on the 
series of a c e t y l compounds and o r b i t a l energies and atomic charges 
(as defined by a M u l l i k e n population analysis) calculated. 
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CNDO/II SCF MO a l l valence e l e c t r o n c a l c u l a t i o n s have also been 
performed and comparison has been made between the c o r r e l a t i o n 
w i t h t h i s charge d i s t r i b u t i o n and that using the ab i n i t i o 
charge d i s t r i b u t i o n . 
( i ) A p p l i c a t i o n of Koopmans1 theorem. 
The l a r g e s t molecule studied, acetic anhydride, represents 
a 13 n u c l e i , 54 e l e c t r o n problem, and i t i s evident t h a t a f a i r l y 
l i m i t e d basis set must be used. The basis set used i n t h i s work 
was (5,2/3,1) f o r carbon, oxygen and nit r o g e n and (2/1) f o r 
hydrogen. 
The c a l c u l a t e d binding energies are shown i n Table 3.3. I n 
c o r r e l a t i n g these values w i t h the measured binding energies 
(see Table 3.1) i t must be remembered that the ca l c u l a t i o n s r e f e r 
to i s o l a t e d i . e . gas phase molecules, whereas the experimental 
r e s u l t s are derived from measurements made i n the condensed phase. 
As discussed p r e v i o u s l y , i n the absence of strong intermolecular 
forces t h i s does not r e s u l t i n serious e r r o r s other than a change 
i n reference l e v e l . However, i n the case of acetic acid polymeris-
a t i o n by hydrogen bonding occurs i n the s h i f t observed between the 
two oxygen atoms. I t i s also to be noted t h a t the oxygen xs 
assignment made by Siegbahn and co-workers"*^ i s i n c o r r e c t , p r e d i c t i n g 
a higher binding energy f o r the carbonyl oxygen. A p l o t of the 
calculated binding energies against the gas phase binding energies 
measured by Siegbahn 5 6 i s shown i n Fig. 3.2, and a p l o t of the 
calc u l a t e d binding energies against the s o l i d phase binding energies 
i s shown i n Fig. 3.3. Several i n t e r e s t i n g features may be 
dis t i n g u i s h e d from these graphs. The two slopes are i n good 
agreement (1.13 and 1.17 r e s p e c t i v e l y ) and are q u i t e close to the 
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Table 3.3 Calculated (ab i n i t i o ) core binding energies f o r 
f o r CH3 COX (eV). 
(cf experimental values, Table 3.1) 
X Ois 
H 313.07 (CO) 
310.86 (CH3) 
564.47 
CH3 313.11 (CO) 
310.85 (CH3) 
563.83 
COCH3 313.55 (CO) 
310.69 (CH3) 
565.20 












OCH3 314.46 (CO) 
312.49 (OCH3) 
311.08 (CH 3) 
564.96 (OCH3) 
562.86 (CO) 
COOH 314.62 (COOH) 
314.05 (CO) 




NH2 313.50 (CO) 
310.86 (CH 3) 
561.41 
NHCH3 314.10 (CO) 
312.32 (NCH3) 
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F i g . 3.3. P l o t of c a l c u l a t e d and measured ( s o l i d phase) 
binding energies 
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t h e o r e t i c a l value of 1.0, and the c o r r e l a t i o n c o e f f i c i e n t s , 
r , of 0.97 and 0.96 r e s p e c t i v e l y are very good. T h i s c l e a r l y 
i n d i c a t e s the value of using o r b i t a l energies for the assignment 
of experimental core binding energies. The axes of both graphs 
are d i s p l a c e d r e l a t i v e to each other. The displacement of ~20 eV 
i n F i g . 3.2 i s composed of the r e o r g a n i s a t i o n energy, c o r r e l a t i o n 
energies and r e l a t a v i s t i c energies. The displacement of "25.5 eV 
i n F i g . 3.3 i s composed of t h i s same 20 eV plus an a d d i t i o n a l 
5.5 eV a r i s i n g from the d i f f e r e n c e i n the reference l e v e l s i n 
the gaseous and s o l i d phases. 
Both the c l o s e binding energies of the methyl and the 
carbonyl carbons i n acetaldehyde and acetone and the low carbon 
binding energies of the amides are confirmed by the c a l c u l a t i o n s . 
A comparison of the observed methylcarbonyl carbon s h i f t s 
with the c a l c u l a t e d s h i f t s i s shown i n Table 3.4. With the 
exception of N-methyl acetamide, the observed s h i f t s are l a r g e r 
than those c a l c u l a t e d , the most extreme case being that of 
p y r u v o n i t r i l e , with a 1.2 eV discrepancy between the two. This 
suggests that r e l a x a t i o n energies are d i f f e r e n t for the two types 
of carbon, and that r e l a x a t i o n energies may d i f f e r between compounds. 
I n t e r e s t i n g l y , the c a l c u l a t i o n s p r e d i c t that introduction of a 
methyl group into acetamide should increase the s h i f t by 1.0 eV. 
Experimentally, however, a s h i f t of 0.3 eV occurs i n the opposite 
sense, which would be predicted from consideration of the inductive 
e f f e c t of a methyl group. The c a l c u l a t e d s h i f t occurs mainly 
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Table 3.4 Comparison of measured core binding energy s h i f t s 
between carbonyl and methyl carbon atoms with those 
c a l c u l a t e d on a b a s i s of Koopmans' Theorem. 
X Observed s h i f t C alculated s h i f t 
H 2.9 2.2 
CH 3 3.0 2.2 
COCH3 3.1 2.9 
CN 4.6 3.4 
OCOCH3 4.3 3.5 
OH 4.3 3.4 
OCH3 3.8 3.4 
COOH 3.3 3.2 
NH2 3.5 2.6 
NHCH3 3.2 3.6 
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through a 0.6 eV increase of the carbonyl carbon binding energy, 
though no s h i f t i s found experimentally. 
( i i ) C o r r e l a t i o n s with charge d i s t r i b u t i o n s . 
To summarise some of the theory covered i n Chapter 1, i n 
the e l e c t r o s t a t i c p o t e n t i a l model of Siegbahn and co-workers, 
s h i f t s i n core binding energies may be r e l a t e d to the charge 
d i s t r i b u t i o n by 
i i V q i 
E = E + kq. + Z — t — (3.1) 
where i s a reference l e v e l and the second term represents the 
p o t e n t i a l from the charge on the atom i n question. The charge 
dependence parameter, k, depends upon the d e f i n i t i o n of atomic 
charge and the b a s i s set employed and i s approximately 
1 
«*> C(1)<J> V(2)— M D M 2 ^ 
The l a s t term i s an intramolecular Madelung p o t e n t i a l which 
accounts for the p o t e n t i a l from charges i n the r e s t of the 
molecule. 
a) Ab i n i t i o charge d i s t r i b u t i o n s . E a r l y attempts were 
made to r e l a t e core binding energies to charge d e n s i t i e s , without 
a consideration of the p o t e n t i a l a r i s i n g from the remaining atoms 
i n the molecule. However, neglect of the Madelung p o t e n t i a l 
i s , i n general, not v a l i d . F i g . 3.4 shows a plot of binding 
energies against 'charge density' showing the expected o v e r a l l 
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F i g . 3.4. C x binding energies against charge d e n s i t i e s 
h at the r e s p e c t i v e atoms. 
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s c a t t e r . I n c l u s i o n of the Madelung p o t e n t i a l , as w i l l be demonstrated 
l a t e r i n t h i s s e c t i o n , gives r i s e to a r a t h e r b e t t e r c o r r e l a t i o n . 
Table 3.5 shows the ab i n i t i o charges for the Cx s l e v e l s together 
with the r e l a t i v e binding energies E - E Q c a l c u l a t e d using 
equation (3 .1) , and a l s o the r e l a t i v e s h i f t s A (E - E Q ) within a 
given molecule. With the exception of acetaldehyde, the carbonyl 
carbon charges a l l l i e w i t h i n the range 0.19 - 0.38. The very 
low c a l c u l a t e d charge i n acetaldehyde i s compensated by a negative 
Madelung p o t e n t i a l of corresponding low magnitude giving a 
r e l a t i v e binding energy s i m i l a r to that i n acetone. The methyl 
carbon charges l i e i n the range -0.45 - -0.66. These values are 
much lower than would be expected on a simple p h y s i c a l p i c t u r e , 
and are an a r t e f a c t of t h i s type of c a l c u l a t i o n . The r e l a t i v e 
CH3 - CO s h i f t s may be compared with the experimental s h i f t s , 
and those c a l c u l a t e d using o r b i t a l energies given i n Table 3.4. 
The c o r r e l a t i o n i s quite good, that with the s h i f t s c a l c u l a t e d 
from o r b i t a l energies being s l i g h t l y b e t t e r . Thus i t i s c l e a r that 
c a l c u l a t e d ab i n i t i o charge d i s t r i b u t i o n s are r e l i a b l e for the 
assignment of core l e v e l s . 
The value of k used i n c a l c u l a t i n g the r e l a t i v e binding energies 
may be found from a plot of the atomic charge against the measured 
binding energy, corrected for the Madelung p o t e n t i a l , F i g . 3.5. 
The slope i s 19.4 ± 0 . 4 eV/unit charge i n reasonable agreement with 
the t h e o r e t i c a l value of 22.0 eV/unit charge ( c a l c u l a t e d with the 
use of S l a t e r o r b i t a l s ) , and the c o r r e l a t i o n ( r 2 = 0.99) i s very 
good. 
153. 
Table 3.5 Ab i n i t i o charges, Madelung p o t e n t i a l s and 
ca l c u l a t e d core binding energy s h i f t s for CH3COX 









































OCH3 CO 0.365 -7.20 -0.12 3.25 







COOH CO 0.197 -3.28 0.54 3.80 
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C l s binding energies corrected for Madelung 
p o t e n t i a l s against ab i n i t i o charge density 
at the r e s p e c t i v e atoms. 
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b) CNDO/2 charge d i s t r i b u t i o n s . For ab i n i t i o c a l c u l a t i o n , 
a molecule of the s i z e of a c e t i c anhydride represents a 'big 
molecule', expensive of computer time and toward the upper l i m i t 
as regards routine ab i n i t i o c a l c u l a t i o n . Thus i t i s of some 
considerable i n t e r e s t to examine the f e a s i b i l i t y of the use of 
more approximate SCF - MO theories as an aid to the assignment 
of molecular core binding energies. Hence a comparison has been 
made of the r e l a t i v e s h i f t s preducted by CND0/2SCF MO c a l c u l a t i o n s 
with the corresponding ab i n i t i o r e s u l t s . 
The c a l c u l a t e d charges, r e l a t i v e binding energies and r e l a t i v e 
s h i f t s are shown i n Table 3.6. With the exception of acetaldehyde, 
the carbonyl carbon charges are very close to the ab i n i t i o 
charges; however the methyl carbon charges are considerably 
smaller than the corresponding ab i n i t i o charges, and are rather 
c l o s e r to what would be expected i n t u i t i v e l y . I t i s i n t e r e s t i n g 
to note that a 'normal' carbonyl carbon charge i s predicted by 
the CNDO/2 method. 
The E - E Q values are c o n s i s t e n t l y about 4eV higher than 
the ab i n i t i o v a l u e s , but the r e l a t i v e s h i f t s are quite c l o s e . In 
f a c t , i f these s h i f t s are compared with those i n Table 3.4 i t can 
be seen that CNDO s h i f t s are c l o s e r to those c a l c u l a t e d using the 
ab i n i t i o o r b i t a l energies than are the s h i f t s c a l c u l a t e d using 
the ab i n i t i o charge d i s t r i b u t i o n . For example, the CH 3 - £0 s h i f t 
of 3.01 eV i n pyruvic a c i d i s much c l o s e r to both the observed 
and o r b i t a l energy s h i f t s than i s the abnormally high value of the 
ab i n i t i o s h i f t of 3.8 eV. The high observed s h i f t s i n a c e t i c 
156. 
Table 3.6 CNDO/II charges, Madelung p o t e n t i a l s and ca l c u l a t e d 
core binding energy s h i f t s f or CH3COX. 
X Atom 
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a n h y d r i d e , a c e t i c a c i d and methyl a c e t a t e are p r e d i c t e d by b o t h 
methods, b u t a l l t h r e e types o f c a l c u l a t i o n i n c o r r e c t l y p r e d i c t 
a h i g h e r CH3 carbon I s b i n d i n g energy i n N-methyl acetamide than 
i n acetamide. I t must be noted t h a t the r e l a t i v e o r d e r i n g o f 
methyl and n i t r i l e C i s l e v e l s i s i n c o r r e c t l y p r e d i c t e d by the 
CNDO/2 method, and the CH3 - CN s h i f t i s 4.74 eV g r e a t e r than 
t h a t c a l c u l a t e d f r o m ab i n i t i o charges. 
F u r t h e r comparison between the r e s u l t s o f the ab i n i t i o and 
the CNDO/2 c a l c u l a t i o n s may be made by p l o t t i n g the gross atomic 
charges ( F i g . 3.6) and the Madelung p o t e n t i a l s ( F i g . 3.7) d e r i v e d 
f r o m the two methods. The graphs show t h a t t h e t r e n d s o b t a i n a b l e 
are the same from b o t h c a l c u l a t i o n s , but c o n s i d e r a b l e s c a t t e r i s 
e v i d e n t . 
F i g . 3.8 shows a p l o t o f the CNDO/2 charge a g a i n s t the 
observed b i n d i n g energy c o r r e c t e d f o r the Madelung p o t e n t i a l . A 
good c o r r e l a t i o n i s o b t a i n e d ( r 2 = 0.98) and the slope of 24.2 
± 0.7 e V / u n i t charge, a l t h o u g h s i g n i f i c a n t l y d i f f e r e n t from t he 
ab i n i t i o s l o p e , i s i n good agreement w i t h the t h e o r e t i c a l v a l u e . 
Thus i t can be c l e a r l y seen t h a t CNDO/2 t h e o r y i s adequate 
i n g i v i n g good c o r r e l a t i o n s w i t h e x p e r i m e n t a l r e s u l t s , and a l s o i n 
a s s i g n i n g e x p e r i m e n t a l m o l e c u l a r core b i n d i n g l e v e l s , a l t h o u g h the 
r e s u l t s f o r p y r u v o n i t r i l . e show t h a t some care i s needed i n 
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F i g . 3.7. P l o t of ab i n i t i o and CNDO/lI tladelung 
p o t e n t i a l s f o r carbon atoms. 
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CHAPTER IV 
EXPERIMENTAL AND THEORETICAL ASPECTS OF 
MOLECULAR CORE BINDING ENERGIES IN A 
SERIES OF FIVE MEMBERED RING HETEROCYCLES 
161. 
4.1 I n t r o d u c t i o n 
The s e r i e s of h e t e r o c y c l i c compounds chosen for t h i s i n v e s t i -
gation a l l contain a f i v e membered r i n g with one or more heteroatoms. 
This r e s u l t s i n a s e r i e s presenting an i n t e r e s t i n g v a r i a t i o n of 
p r o p e r t i e s with respect to the r e l a t i v e p o s i t i o n s and nature of 
the heteroatom(s). Some members of t h i s s e r i e s are widespread i n 
nature and hence of i n t e r e s t from t h i s point of view, but a l l are 
of considerable i n t r i n s i c i n t e r e s t to the organic chemist. They 
are formally 6TT e l e c t r o n systems with varying degrees of aromaticity 
and t h e i r r e a c t i v i t y and patterns of s u b s t i t u t i o n are of considerable 
importance i n the study of t h e o r e t i c a l organic chemistry and to 
organic chemists g e n e r a l l y . From an ESCA viewpoint, these 
compounds present a s e r i e s for which the c o l l e c t i o n of molecular 
core binding energy data may provide a good t e s t of a v a i l a b l e 
methods of assignment; the comparatively small s i z e of these 
molecules enabling the computation of non-empirical wave functions 
and energies. Thus comparison i s p o s s i b l e between assignments 
based upon non-empirical and semi-empirical charge d e n s i t i e s , 
i n v a l u a b l e information for the i n v e s t i g a t i o n of l a r g e r s p e c i e s . 
The b a s i c i t i e s of some of the s e r i e s are shown i n Table 4.1, 
together with the pK^ of p y r i d i n e for comparison. The pK^ values 
show p a r t i c u l a r l y great v a r i a t i o n . The low value of p y r r o l e 
would be expected but the d i f f e r e n c e between the values of pyrazole 
and imidazole i s i n t e r e s t i n g . The b o i l i n g points of these compounds 
are a l s o given i n Table 4.1 as here again large d i f f e r e n c e s are seen. 
162. 
Basic pK B o i l i n g p o i n t ( UC) 
P y r i d i n e 5.6 115 
P y r r o l e -3.8 130-131 
Py r a z o l e 2.5 187 
I m i d a z o l e 7.2 256 
T h i a z o l e 2.5 117 
Table 4.1 pk and b o i l i n g p o i n t d ata f o r some h e t e r o c y c l e s 132 
This i n d i c a t e s p r ofound d i f f e r e n c e s i n hydrogen bonding s t r u c t u r e , 
which i n t u r n make a c q u i s i t i o n o f data on e l e c t r o n i c d e n s i t y 
d e s i r a b l e . I t i s known t h a t the d i f f e r e n c e between p y r a z o l e and 
i m i d a z o l e may be e x p l a i n e d by the f o r m a t i o n of hydrogen bonded 
dimers and chains r e s p e c t i v e l y . 
I t i s a l s o o f i n t e r e s t t o r e l a t e d a t a p e r t a i n i n g t o 
r e a c t i v i t i e s of ar o m a t i c systems w i t h ESCA data. For example, t he 
f i v e membered r i n g h e t e r o c y c l i c systems are ex t r e m e l y r e a c t i v e 
towards e l e c t r o p h i l e s , i n which case the t r a n s i t i o n s t a t e f o r 
e l e c t r o p h i l i c s u b s t i t u t i o n w i l l be r e l a t i v e l y e a r l y (compared w i t h , 
say, benzene) and w i l l t o some e x t e n t , t h e r e f o r e , r e f l e c t the 
p o t e n t i a l experienced by the approaching e l e c t r o p h i l e . Hence a 
p r i o r i t h e r e may w e l l be a tendency f o r the s i t e o f s u b s t i t u t i o n t o 
r e f l e c t the p o t e n t i a l a t a g i v e n s i t e , and t h e r e f o r e the r e a c t i v i t y 
p a t t e r n has f e a t u r e s i n common w i t h f a c t o r s d e t e r m i n i n g s h i f t s i n 
163. 
core b i n d i n g e n e r g i e s 
I n c o n c e n t r a t e d s u l p h u r i c a c i d , p y r a z o l e i s n i t r a t e d at the 
. . 133 
4 p o s i t i o n , as i n the case of b r o m i n a t i o n , s u l p h o n a t i o n and 
. 134 
base c a t a l y s e d l o d m a t i o n . I m i d a z o l e i s more s u s c e p t i b l e t o 
e l e c t r o p h i l i c reagents and n i t r a t i o n and i o d i n a t i o n lead t o 
133 135 
4 ( 5 ) s u b s t i t u t i o n . ' I n a l k a l i n e s o l u t i o n , diazonium 
c o u p l i n g o ccurs a t the 2 p o s i t i o n . The low b o i l i n g p o i n t o f 
Furan (31.4 C) compared w i t h the o t h e r compounds of s i m i l a r 
m o l e c u l a r w e i g h t r e f l e c t s the absence of hydrogen bonding. The 
r i n g system i s e s p e c i a l l y s u s c e p t i b l e t o e l e c t r o p h i l i c s u b s t i t u -
t i o n and a t t a c k a t the 2(5) p o s i t i o n i s predominent. Under some 
136 
circumstances i t can behave as a n u c l e o p h i l e . I s o x a z o l e i s 
i n t e r m e d i a t e i n b o i l i n g p o i n t between f u r a n and p y r r o l e . E l e c t r o -
p h i l i c a t t a c k occurs a t the 4 p o s i t i o n . Phenyl i s o x a z o l e s are 
p r e f e r e n t i a l l y n i t r a t e d i n the p h e nyl r i n g showing a net d e a c t i v a -
t i n g e f f e c t o f the ' p y r i d i n e 1 n i t r o g e n over the a c t i v a t i n g 1 f u r a n ' 
oxygen. 
P y r r o l e i s v e r y r e a c t i v e towards e l e c t r o p h i l e s and s u b s t i t u t e s 
a t the 2(5) p o s i t i o n . 
164. 
T h i a z o l e undergoes e l e c t r o p h i l i c s u b s t i t u t i o n a t p o s i t i o n 
N < > 
1 
5, and, t o a l e s s e r e x t e n t , a t p o s i t i o n 4. 
4.2 E x p e r i m e n t a l 
Spectra were measured on the AEI ES 100 e l e c t r o n spectrometer, 
u s i n g Mg Kax 2 r a d i a t i o n . Samples were s t u d i e d as t h i n f i l m s on 
gol d and, under the e x p e r i m e n t a l c o n d i t i o n s employed, the g o l d 
4f 7^ 2 core l e v e l a t 84 eV b i n d i n g energy had a h a l f w i d t h of 
0.95 eV. Spectra were deconvoluted where necessary u s i n g t he 
Du Pont 310 curve r e s o l v e r , t he l i n e w i d t h o f 1.1 eV ( f o r Cis 
l e v e l s ) and peak shape (almost gaussian) f o r each channel b e i n g 
t a k e n f r o m a p r e v i o u s s t u d y o f benzene. 
4.3 Q u a l i t a t i v e D i s c u s s i o n 
The measured core b i n d i n g e n e r g i e s are t a b u l a t e d i n Table 4.2, 
and some i n t e r e s t i n g t r e n d s may be seen. These may be c o n v e n i e n t l y 
examined by means o f the f o l l o w i n g scheme. 
( i ) Replacement o f r i n g CH by N. The s h i f t s i n core b i n d i n g 
e n e r g i e s brought about by t h i s s u b s t i t u t i o n may be c o r r e l a t e d w i t h 
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a) Thiophene t o t h i a z o l e . 
Heteroatom S b i n d i n g energy increases 1.1 eV 
Adjacent CH Average b i n d i n g energy in:reases 2.0 eV 
b) P y r r o l e t o p y r j z o l e . 
Heteroatom N b i n d i n g energy increases 1.2 eV 
A d j a c e n t CH Average b i n d i n g energy increases 1.5 eV 
c) P y r r o l e to i m i d a z o l e 
Heteroatom N b i n d i n g energy increases 1.1 eV 
Ad j a c e n t CH Average b i n d i n g energy increases 1.6 eV 
d) Furan t o i s o x a z o l e 
Heteroatom 0 b i n d i n g energy increases 0.8 eV 
A d j a c e n t CH Average b i n d i n g energy increases 1.0 eV 
I n a l l cases, replacement o f a r i n g CH by N has l e d to increased 
core b i n d i n g e n e r g i e s of the remaining r i n g atoms o f the molecules. 
T h i s p r o v i d e s an i n d i c a t i o n o f the o v e r a l l e l e c t r o n i c d r i f t from the 
r i n g atoms t o n i t r o g e n . Examination o f the s h i f t s i n core b i n d i n g 
energy o f the heteroatom r e v e a l s an o v e r a l l i n c r e a s e . The n e t 
e f f e c t o f r e p l a c i n g r i n g CH by N as f a r as the at t a c h e d heteroatom 
i s concerned i s l a r g e r i n the case o f a n i t r o g e n h e t e r o c y c l e than 
f o r an oxygen h e t e r o c y c l e . 
i . e . \ > AO BE 
0 




These data may be r a t i o n a l i s e d on the b a s i s o f the e l e c t r o n e g a t i v i t y 
o f t h e heteroatom. Thus the e f f e c t o f r e p l a c i n g r i n g CH by the more 
e l e c t r o n e g a t i v e N s u b s t i l u e n t i s c o m p a r a t i v e l y l e s s the g r e a t e r t he 
e l e c t r o n e g a t i v i t y o f the heteroatom. The s h i f t s i n core b i n d i n g 
e n e r g i e s o f a d j a c e n t r i n g CH shows a marked t r e n d w i t h the n a t u r e o f 
the heteroatom. 
0 < NH < S 
Th i s i s r e a d i l y i n t e r p r e t a b l e i n terms o f the d i f f c : e n c e s i n e l e c t r o n 
d e n s i t y on the r i n g CH, which i s i n f l u e n c e d by the na t u r e o f the 
heteroatom i . e . 
CH e l e c t r o n d e n s i t y as 
c e u - - S > N H > 0 a f u n c t i o n of heteroatom 
Thus the g r e a t e r the e l e c t r o n i c d e n s i t y present on the carbon atom, 
the g r e a t e r t he change which w i l l be brought about by the s u b s t i t u t i o n 
o f a r i n g CH by the c o m p a r a t i v e l y e l e c t r o n e g a t i v e N, and hence the 
g r e a t e r w i l l be the chemical s h i f t i n the carbon core l e v e l . 
E xamination o f the b i n d i n g e n e r g i e s o f the n i t r o g e n atoms o f 
p y r a z o l e and i m i d a z o l e shows a f u r t h e r t r e n d , i . e . 
N - H > N 
/ / 
by an average o f 1.4 eV. T h i s r e f l e c t s the e f f e c t of the l a r g e 
p o t e n t i a l e x e r t e d by the p o s i t i v e l y charged hydrogen atom a t a s h o r t 
d i s t a n c e f r o m the n i t r o g e n atom (~I.O ft), as i s i n d i c a t e d by the h i g h 
v a l u e of the Madelung p o t e n t i a l a t the n i t r o g e n , shown i n the next 
s e c t i o n . C l e a r l y t h i s has c o n s i d e r a b l e r a m i f i c a t i o n s i n terms o f the 
e f f e c t o f hydrogen bonding on the n i t r o g e n core l e v e l s . 
168. 
( i i ) Replacement of r i n g NH by 0 or S 
a) I m i d a z o l e tc. t h i a z o l e . 
Heteroatom N b i n d i n g energy decreased 0.2 eV 
A d j a c e n t CH Average b i n d i n g energy decreased 0.4 eV 
These r e s u l t s are i n accord w i t h simple e l e c t r o n e g a t i v i t y c o n s i d e r a t i o n s 
b) P y r a z o l e to i s o x a z o l e . 
Heteroatom N b i n d i n g energy increased 1.0 eV 
A d j a c e n t CH B i n d i n g energy increased 0.3 eV 
As would be expected, the n i t r o g e n s h i f t here i s r a t h e r g r e a t e r t han 
i n (a) as a r e s u l t o f the g r e a t e r e l e c t r o n e g a t i v i t y of 0 than N and 
a l s o the f a c t t h a t t he N i s now d i r e c t l y adjacent to the replacement. 
c) P y r r o l e t o thiophene. 
Ad j a c e n t CH B i n d i n g energy decreased 0.7 eV 
D i s t a l CH B i n d i n g energy i n c r e a s e d 0.2 eV 
Here aga i n i s seen b o t h e l e c t r o n e g a t i v i t y and p r o x i m i t y e f f e c t s , 
( i i i ) Replacement of r i n g 0 by S 
Furan t o Thiophene. 
A d j a c e n t CH B i n d i n g energy decreased 1.7 eV 
D i s t a l CH B i n d i n g energy decreased 0.6 eV 
These e f f e c t s are once again i n accord w i t h e l e c t r o n e g a t i v i t y and 
p r o x i m i t y c o n s i d e r a t i o n s and the comparison w i t h ( i i c ) shows g r e a t e r 
and l e s s ambiguous core l e v e l s h i f t s . T h is can be a s c r i b e d t o the 
g r e a t e r e l e c t r o n e g a t i v i t y charge i . e . 
s h i f t (S -> 0) > s h i f t (S N) 
Comparison o f r e a c t i v i t y data (see s e c t i o n 4.1) w i t h core 
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b i n d i n g energy d a t a suggests a c o r r e l a t i o n o f s i t e o f e l e c t r o p h i l i c 
a t t a c k w i t h a lower b i n d i n g energy, and hence a g r e a t e r e l e c t r o n 
d e n s i t y , f o r p y r a z o l e , i m i d a z o l e and i s o x a z o l e . This i s i n accordance 
w i t h a simple model of a t t a c k a t the s i t e o f g r e a t e s t n e g a t i v e 
charge thus s u g g e s t i n g an e a r l y t r a n s i t i o n s t a t e , however, t he 
r e a c t i v i t i e s towards e l e c t r o p h i l e s o f the s i n g l e heteroatom compounds 
show the t r e n d 
Furan > P y r r o l e > Thiophene 
and a p a t t e r n o f 2(5) s u b s t i t u t i o n , i n d i c a t i n g a d i f f e r e n c e from the 
above mentioned compounds. The b i n d i n g energies f o r the adjacent (a) 
carbons are h i g h e r than those of the $ carbons suggesting t h a t the 
o v e r a l l e l e c t r o n d e n s i t y a t t h e a carbon must be c o n s i d e r a b l y lower 
t h a n a t the B p o s i t i o n . Comparison w i t h the ex p e r i m e n t a l r e s u l t s can 
be r a t i o n a l i s e d on the b a s i s o f e i t h e r 
( i ) That the t r a n s i t i o n s t a t e i s w e l l advanced and hence does not 
approximate w e l l t o the i s o l a t e d molecule p l u s e l e c t r o p h i l e , 
or 
( i i ) That i f the t r a n s i t i o n s t a t e i s r e l a t i v e l y e a r l y , the 
i n t e r a c t i o n o f the e l e c t r o p h i l e w i t h the more p o l a r i s a b l e 
t t system i s o f g r e a t e r importance. 
4.4 Q u a n t i t a t i v e d i s c u s s i o n 
N o n - e m p i r i c a l LCAO-MO-SCF c a l c u l a t i o n s i n comparable c o n t r a c t e d 
. 137 . 138,139,140 gaussian ba s i s sets have been r e p o r t e d on p y r r o l e , thiophene, 
i s o x a z o l e , p y r a z o l e and i m i d a z o l e * * 1 These c a l c u l a t i o n s r e f e r t o 
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i s o l a t e d m o l e c u l e s , i . e . gas phase, whereas the measurements r e p o r t e d 
here were o b t a i n e d from samples examined as t h i n f i l m s upon g o l d i . e . 
s o l i d phase. For p y r a z o l e and i m i d a z o l e e x t e n s i v e hydrogen bonding 
undoubtedly e x i s t s i n the c r y s t a l l a t t i c e , and the N i g core l e v e l s 
i n p a r t i c u l a r would be expected t o be m o d i f i e d such t h a t the s h i f t s 
w i t h i n a g i v e n molecule might become s m a l l e r . For example, ab i n i t i o 
c a l c u l a t i o n ( i . e . a p p l i c a t i o n of Koopmans' theorem) p r e d i c t s a 
s h i f t between the N i s l e v e l s of p y r a z o l e of 2.7 eV, whereas the 
observed s h i f t iz o n l y 1.3 eV. I n N~methyl p y r a z o l e , however, where 
hydrogen bonding i s no longer p o s s i b l e , the s h i f t i n the N i s l e v e l s 
i s 2.3 eV ( t h a t t h i s r e s u l t i s l a r g e l y due t o removal of hydrogen 
bonding i s i n d i c a t e d by measurements made on N-methyl p y r r o l e , which 
suggest t h a t the e l e c t r o n i c e f f e c t of r e p l a c i n g hydrogen by methyl 
i s q u i t e s m a l l as f a r as the n i t r o g e n i s concerned. 
P l o t s o f the ab i n i t i o o r b i t a l e n e r g i e s , f o r the carbon and 
n i t r o g e n core l e v e l s , a g a i n s t the e x p e r i m e n t a l b i n d i n g energies f o r 
p y r r o l e , p y r a z o l e , i m i d a z o l e and i s o x a z o l e are shown i n F i g . 4.1. 
The c o r r e l a t i o n w i t h i n a g i v e n molecule f o r C l s l e v e l s i s v e r y good, 
though o v e r a l l t h e r e i s some s c a t t e r which may be due, i n p a r t , t o 
d i f f e r e n t i a l c h a r g i n g e f f e c t s between samples (though t h i s should 
be minimised by s t u d y i n g the samples as t h i n f i l m s on a c o n d u c t i n g 
b a c k i n g ) . For the N i s l e v e l s the c o r r e l a t i o n i s a l s o q u i t e reasonable, 
however the c a l c u l a t e d s h i f t s are somewhat l a r g e r than those 
measured w h i c h , i n the cases o f p y r a z o l e and i m i d a z o l e , may be 
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c ore b i n d i n g energies of carbon and n i t r o g e n 
atoms. 
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Two n o n - e m p i r i c a l c a l c u l a t i o n s have been p u b l i s h e d on 
t h i o p h e n e , which d i f f e r c o n s i d e r a b l y i n the p r e d i c t e d C;3 s h i f t 
between C2(C5) and C3(C4). The c a l c u l a t i o n s o f C l a r k and A r m s t r o n g 1 
suggest t h a t these carbons should have v e r y s i m i l a r b i n d i n g energies 
139 
w h i l s t those of Siegbahn e t a l p r e d i c t a s h i f t of 0.7 eV. The 
measured carbon core b i n d i n g energy, however, shows a broadening 
142 
of o n l y 0.1 eV r e l a t i v e t o t h a t of benzene. Gel i u s e t a l have 
measured the C i s l e ^ c l i n gaseous thiophene, thus w i t h enhanced 
r e s o l u t i o n , and have e s t i m a t e d the chemical s h i f c between C2(C5) 
and C3(C4) t o be 0.34 ± 0.12 eV. The best ab i n i t i o c a l c u l a t i o n 
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on thiophene of G e l i u s et a l estimates a s h i f t of 0.58 eV. 
The c a l c u l a t i o n o f C l a r k and Armstrong i s i n best agreement w i t h 
t he e x p e r i m e n t a l r e s u l t s , suggesting the p o s s i b i l i t y o f the use o f 
core b i n d i n g energy measurements f o r the comparison o f l i m i t e d 
b a s i s s e t c a l c u l a t i o n s . The c a l c u l a t i o n s o f C l a r k and Armstrong 
employed two b a s i s s e t s , one which i n c l u d e d d o r b i t a l p a r t i c i p a t i o n 
on the sulphur and one which d i d n o t . T h e i r r e s u l t s i n d i c a t e d t h a t 
<1 o r b i t a l p a r t i c i p a t i o n i n thiophene i s not of importance and, 
s i n c e the c o r r e l a t i o n w i t h the e x p e r i m e n t a l data i n d i c a t e t h a t t h e i r 
b a s i s s e t s were p h y s i c a l l y w e l l s u i t e d t o the c a l c u l a t i o n , t h i s 
c o n c l u s i o n i s l i k e l y t o be c o r r e c t . 
The n o n - e m p i r i c a l c a l c u l a t i o n s have a l s o been used to c a l c u l a t e 
Made lun g p o t e n t i a l s f o r these molecules, and hence express the core 
b i n d i n g e n e r g i e s i n terms o f the ab i n i t i o charge d i s t r i b u t i o n 
E i = E? • k q i • ffi r f j (4.1) 
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The ab i n i t i o charges and Madelung p o t e n t i a l s f o r the carbon and 
h e t e r o atoms of these molecules are shown i n Table 4.3, and F i g . 4.2 
shows p l o t s o f e x p e r i m e n t a l b i n d i n g e n e r g i e s , c o r r e c t e d f o r 
Madelung p o t e n t i a l s , a g a i n s t charge f o r the carbon and n i t r o g e n 
core l e v e l s o f p y r r o l e , p y r a z o l e , i m i d a z o l e and i s o x a z o l e . The 
charges are taken from M u l l i k e n p o p u l a t i o n analyses performed on 
these molecules. The c o r r e l a t i o n s are reasonable and f o r the C» s 
l e v e l s the v a l u e nf k = 17.1 e V / u n i t charge may be compared w i t h 
k = 18.8 e V / u n i t charge o b t a i n e d from extended b a s i s set c a l c u l a -
tions.""*^ The Nig l e v e l s show r a t h e r l e s s s c a t t e r and g i v e a v a l u e 
f o r k = 17.6 e V / u n i t charge. 
I t has a l s o been of i n t e r e s t t o p e r f o r m CNDO/II c a l c u l a t i o n s 
on t h i s s e r i e s o f compounds, and use the atomic charge d e n s i t i e s 
thus c a l c u l a t e d t o attempt an assignment of the experimental core 
b i n d i n g e n e r g i e s . The CNDO/II charges and Madelung p o t e n t i a l s are 
shown i n Table 4.4. A v a l u e f o r k o f 25 eV/unit charge has been 
found a p p r o p r i a t e t o CNDO/II charge d i s t r i b u t i o n s , i n the s e r i e s of 
a c e t y l compounds present e d i n the p r e v i o u s chapter and i n other work!" 
Using t h i s v a l u e t o g e t h e r w i t h the CNDO/II charge d i s t r i b u t i o n s 
assignments have been made f o r the s e r i e s . The c a l c u l a t e d r e l a t i v e 
b i n d i n g e n e r g i e s , t o g e t h e r w i t h the e x p e r i m e n t a l v a l u e s , are 
d i s p l a y e d i n Table 4.5. The assignment i s i n agreement w i t h t h a t 
by means of n o n - e m p i r i c a l c a l c u l a t i o n i n the m a j o r i t y o f cases, and 
i n some cases the agreement of c a l c u l a t i o n and e x p e r i m e n t a l r e s u l t s 
i s remarkable. The agreement f o r p y r a z o l e and i m i d a z o l e i s the 
p o o r e s t , and here a g a i n t h i s i s p r o b a b l y i n p a r t due t o e f f e c - s 
174. 
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Table 4.5 Calculated and Experimental Relative Core Binding 
Energies of Carbon atoms (eV) 










2 (0.0) (0.0) 
3 -1.2 -1.1 
Isoxazole 
3 (0.0) (0.0) 
'\ > 
Of 
4 -1.0 -1.0 
5 +0.6 +0.5 
Pyrazole 




u / bJ 
2 +1.4 +1.5 
4 (0.0) (0.0) 
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r e s u l t i n g from the hydrogen bonding present i n the s o l i d s t r u c t u r e s . 
The agreement i n the cases of furan and isoxazole i s very close. 
I n F i g . 4.3 the Madelung p o t e n t i a l corrected binding energies 
are p l o t t e d against CNDO/II charge f o r the C i s l e v e l s . A good 
s t r a i g h t l i n e i s obtained, the slope of which indicates a value f o r k 
of 25.4 eV/unit charge. 
A f u r t h e r point of i n t e r e s t i s to examine the separate sigma 
and p i charges on the carbon and hetero atoms i n these molecules, 
see Table 4.6. These were taken from the diagonal elements of the 
SCF bond order matrix of the CNDO/II output. I t i s i n t e r e s t i n g to 
note t h a t q u i t e large charges can be b u i l t up, although, i n general, 
o and TT components of charge d i s t r i b u t i o n tend to be mutually 
compensatory and thus the t o t a l charge at each centre remains 
comparatively small. The most pronounced e f f e c t occurs on the 
heteroatom centres, where the large negative charge which builds 
up i n the sigma system i s usually almost, but not t o t a l l y , compen-
sated by a s l i g h t l y smaller p o s i t i v e charge on the p i system. I n 
the case of the carbon atoms the magnitudes of these charges are 
smaller and generally a p o s i t i v e charge on the sigma system i s matched 
by a s l i g h t l y smaller negative charge on the p i system. This demon-
str a t e s the t o t a l i n v a l i d i t y of using an SCF method other than one 
i n c l u d i n g a l l the valence electrons f o r the c a l c u l a t i o n of charge 
de n s i t i e s and assignment of molecular core binding data. I t also 
shows how methods which are b a s i c a l l y p i e l e c t r o n SCF methods and do 
not consider sigma-pi i n t e r a c t i o n , such as the Del Re method, are also 
u n f i t f o r t h i s use. 
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F i g . 4.3. Measured C^s binding energies corrected fo** 
Madelung p o t e n t i a l s against CNDO/II atomic 
charge. 
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Table 4.6 a and IT CNDO/II charges 
a charges 7T charges 
Atom Charge Atom Charge 
Pyrrole 


























































































































EXPERIMENTAL AND THEORETICAL STUDIES OF 
THE MOLECULAR CORE BINDING ENERGIES OF 
SOME PYRIMIDINE NUCLEIC ACID BASES AND RELATED 
COMPOUNDS OF BIOLOGICAL INTEREST 
182. 
5.1 I n t r o d u c t i o n 
The pyrimidine bases are of immense importance from a 
b i o l o g i c a l standpoint, as constituents of the nucleic acids, DNA 
and RNA, which are v i t a l co the f u n c t i o n and r e p l i c a t i o n of l i v i n g 
145 
c e l l s . Some of the aza and f l u o r o substituted forms also have 
a possible use i n the chemotherapy of cancer t i s s u e , w h e r e the 
r a p i d l y growing c e l l s incorporate them i n t o nucleic acids r e s u l t i n g 
i n a l e t h a l synthesis. From a chemical point of view t h i s series 
i s i n t e r e s t i n g as i ^ ; contains several smaller series w i t h i n i t , 
trends w i t h i n which may be correlated w i t h core binding energy data. 
The spectra have a l l been measured i n the s o l i d state and hence 
much valuable information on the form of these compounds i n the 
s o l i d s t a t e has been forthcoming. I n p a r t i c u l a r greater i n s i g h t i n t o 
intermolecular hydration and tautomeric form has been obtained, 
information upon which could be important i n b i o l o g i c a l studies. 
5.2 Experimental 
Spectra were recorded upon the AEI ES 100 spectrometer, using 
M g r a d i a t i o n . I n v o l a t i l e samples were studied both as powders 
on Scotch tape and as pressed discs. Better r e s o l u t i o n and counting 
s t a t i s t i c s were obtained w i t h the pressed disc technique. 1,3-
dimethyl u r a c i l was s u f f i c i e n t l y v o l a t i l e to be sublimed d i r e c t l y 
i n t o the sample chamber and was studied as a t h i n f i l m condensed on 
gold. C a l i b r a t i o n of the energy scale f o r the samples studied as 
powders and pressed discs was accomplished by studying separately 
samples f o r which a r e s i d u a l C l s s i g n a l from Scotch tape or from a 
183. 
trace of hydrocarbon on the surface of the disc were observable. 
The C l s binding energies f o r these two references were established 
separately w i t h respect to the gold l\£7 . l e v e l at 84 eV. Absolute 
/ 2 
binding energies are estimated to be accurate to ±0.3 eV. Spectra, 
where necessary, were deconvoluted using the Du Pont 310 curve 
res o l v e r , using l i n e widths and l i n e shapes derived from the previous 
studies of h e t e r o c y c l i c molecules. Assignments of core levels were 
made w i t h the aid of t h e o r e t i c a l c a l c u l a t i o n s (see l a t e r ) . 
5.3 Q u a l i t a t i v e Discussion 
The measured binding energies are shown i n Table 5.1 and are also 
shown di a g r a m a t i c a l l y i n Fig. 5.1. The various s t r u c t u r a l series 
which may be investigated are shown i n Fig. 5.2 where a connecting 
l i n e i n d i cates a p a r t i c u l a r m o d i f i c a t i o n r e l a t i n g the two species. 
I n general s h i f t s i n core binding energies both w i t h i n a given 
molecule and w i t h respect to another molecule may be r a t i o n a l i s e d on 
the basis of simple e l e c t r o n e g a t i v i t y considerations. Thus i n 
pyrimidine and 1.3 dimethyl u r a c i l , f o r which there are no complica-
t i o n s due to other possible tautomeric forms, the most t i g h t l y 
bound carbon I s l e v e l s are those attached to the most electronegative 
atoms. I n p y r i m i d i n e , C3 attached to two nitrogen atoms i s more 
t i g h t l y bound than C4(C6) which i s only attached to one nitr o g e n , 
which i s , i n t u r n , more t i g h t l y bound than C5. I n 1.3 dimethyl 
u r a c i l , the carbonyl carbons attached to both oxygen and nitrogen are 
the most t i g h t l y bound, followed by the methyl carbons attached to 
nitrogen. 
184 
Table 5.1 Measured molecular core binding energies (eV). 
Pos n c l s AC l s * Nis AN 1 S* 
^3 5 I 










































































































* These values show the s h i f t i n binding energy w i t h respect t o the 
corresponding atom i n py r i m i d i n e , where relevant. 
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S t r u c t u r a l sub-series present w i t h i n the 
main series of pyrimidine compounds. 
1 8 8 . 
For the other molecules there i s an added complication due to 
the p o s s i b i l i t y of tautom>rism. X-ray d i f f r a c t i o n studies have i n d i -
cated t h a t i n the s o l i d btate u r a c i l , 1 * 7 thymine 1* 8 and b a r b i t u r i c 
. 149 
acid e x i s t i n the keto form, as indicated i n F i g . 5.2. The 
previous studies on h e t e r o c y c l i c molecules indicated that the core 
l e v e l f o r a*pyrrole type 1 nitrogen w i t h hydrogen or an a l k y l group 
attached i s more t i g h t l y bound than f o r a pyridine type nitrogen. 
This i s also evident i n comparing 1.3 dimethyl u r a c i l (lactam or 
p y r r o l e type nitrogen) w i t h pyrimidine (pyridine type n i t r o g e n ) . 
.-The higher binding energies f o r the core levels-of the nitrogens i n 
u r a c i l as compared w i t h pyrimidine then suggest that i t possesses 
the keto s t r u c t u r e i n the s o l i d s t a t e . This i s unambiguously s e t t l e d 
by a consideration of the C i s l e v e l s , where comparison w i t h pyrimidine 
shows t h a t C2 and C4 s h i f t to higher binding energy by 2.6 eV and 
2.3 eV r e s p e c t i v e l y . This i s inconsistent w i t h a formulation as a 
dihydroxy pyrimidine since the s h i f t s expected f o r replacing r i n g 
hydrogens by hydroxyl groups are "1.5 eV (e.g. d i e t h y l e t h e r ) . The 
absolute binding energies f o r both C i s and 0 l s l e v e l s are, however, 
i n close agreement w i t h those found i n the previous study of acetamide. 
These arguments also apply to thymine and b a r b i t u r i c acid and w i l l 
be q u a n t i f i e d i n a l a t e r section. 
Thus i n each case the observation of a single nitrogen w i t h 
high binding energy (corresponding to lactam type nitrogen) and 
c h a r a c t e r i s t i c high C i s and low 0 l s binding energies associated w i t h 
the C = 0 s t r u c t u r a l feature confirms the keto s t r u c t u r e i n the s o l i d 
s t a t e . For the aza s u b s t i t u t e d u r a c i l s s i m i l a r arguments apply and 
i n each case a keto s t r u c t u r e i n the s o l i d state i s predicted. 
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Examination of Fig. 5.2 reveals t h a t several s t r u c t u r a l 
series are evident, as inertioned e a r l i e r , and these are conveniently 
discussed separately-
( i ) E f f e c t of replrcement of r i n g CH by N. 
Considering f i r s t the series u r a c i l , 5 aza u r a c i l and 6 aza 
u r a c i l , the s h i f t s i n core binding energies may, i n general, be 
understood i n terms of simple e l e c t r o n e g a t i v i t y considerations. Thus 
i n going from u r a c i l t o 5 aza u r a c i l the core binding energy of C6 
increases by l.OeV, w h i l s t replacement of CH by nitrogen meta to 
the two lactam type nitrogens has l i t t l e e f f e c t on t h e i r N} s core 
binding energies which are closely s i m i l a r to those i n u r a c i l . The 
core l e v e l f o r C4 s h i f t s by a smaller amount (0.5 eV) to higher 
binding energy. For 6 aza u r a c i l the largest s h i f t s are again f o r 
the atoms d i r e c t l y bonded to the CH group replaced by nitrogen. 
Thus Ni and C5 both increase i n binding energy by 0.4 eV and 0.8 eV 
re s p e c t i v e l y . The d i s t i n c t i o n between the s t r u c t u r a l l y isomeric 
5 and 6 aza u r a c i l s can be made q u i t e e a s i l y from t h e i r spectra, on 
the basis of e i t h e r the C i s and N l g core l e v e l s . Similar trends are 
apparent i n going from thymine to 6 aza thymine, and the atoms 
d i r e c t l y attached t o the 6 p o s i t i o n undergo su b s t a n t i a l increases i n 
binding energy. 
( i i ) E f f e c t of changing r i n g CH environment to a carbonyl group. 
This i s shown q u i t e s t r i k i n g l y i n Table 5.1 and Fig. 5.1. The 
average s h i f t i n C l s binding energy i n changing pyrimidine type , 
r i n g CH to a carbonyl group i s 2.4 eV, which may be compared w i t h a 
s h i f t of 1.5 eV when a r i n g hydrogen i s replaced by an amino croup. 
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( i i i ) E f f e c t of methyl s u b s t i t u t i o n . 
Methyl s u b s t i t u t i o n has a r e l a t i v e l y small e f f e c t when the 
group i s attached to carbon; the net e f f e c t being lo raise the 
binding energy of the attached carbon by 0.4 eV. N-methylation 
of u r a c i l has a much larger o v e r a l l e f f e c t , lowering the binding 
energies of the C2 and C4 C l s levels by 1.1 eV, and of the N i s " 
l e v e l s by 0.3 eV. Previous work on N-methyl pyrrole and p y r r o l e 
i t s e l f , both studied as t h i n f i l m s on gold, suggest that the 
e l e c t r o n i c p e r t u r b a t i o n of the methyl group i s r e l a t i v e l y small. 
The much larger e f f e c t apparent i n going from u r a c i l to 1.3 
dimethyl u r a c i l i s most r e a d i l y understandable i n terms of the 
extensively hydrogen bonded s t r u c t u r e of u r a c i l , which was studied 
as a pressed disc. I t i s also s i g n i f i c a n t that the 0 j s binding 
energies i n 1.3 dimethyl u r a c i l are somewhat higher than f o r the 
other compounds. 
Using normally accepted l i n e widths i t has not been possible 
to obtain deconvolutions of the 0 j s spectra, which must be a r e s u l t 
of extensive intermolecular hydrogen bonding and hydration. Hence 
the centroids of the r e l a t i v e l y broad peaks have been measured and 
are shown i n Table 5.2. Due to the lack of deconvolution analysis 
of these data i s d i f f i c u l t but a few features are worthy of comment. 
For the m a j o r i t y of these compounds the centroids l i e close 
together i n the region 533.1 - 533.5 eV but there are a few notable 
exceptions. Cytosine, wizh i t s single ketonic oxygen atom shows a 
lower binding energy than the average, 0.4 eV below that i n u r a c i l , 
w h i l s t b a r b i t u r i c a c i d , w i t h the three oxygen atoi.->s has an average 
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Table 5.2 Mean 0 l s binding energies 
Compound Binding Energy 
U r a c i l 533.1 
6-aza u r a c i l 533.1 
5-aza u r a c i l 533.3 
Thymine 533.1 
Cytosine 532.7 
5-me thy 1, oy to sine 533.1 
Dimethyl u r a c i l 533.5 
6~aza thymine 533.3 
B a r b i t u r i c acid 533.8 
4-oxypyrimidine 533.4 
oxygen binding energy of 0.7 eV greater than that i n u r a c i l . These 
r e s u l t s are i n accord w i t h p r e d i c t i o n s based upon simple e l e c t r o -
n e g a t i v i t y considerations. S u b s t i t u t i o n of a r i n g CH by N i s seen 
to have l i t t l e e f f e c t upon the 0is binding energy, although the 
s u b s t i t u t i o n i n the 5 p o s i t i o n of u r a c i l , where i t might be expected 
to exert i t s greatest e f f e c t , i s seen to rais e the mean binding 
energy by 0.2 eV. 
5.4 Quantitative Discussion 
When t h i s work was performed i t was not fea s i b l e to perform 
ab i n i t i o c a l c u l a t i o n s upon a series of molecules of t h i s s ize, 
although a few c a l c u l a t i o n s have been performed upon some members of 
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the series i n other l a b o r a t o r i e s and subsequently i n t h i s laboratory. 
I n many cases core binding energy assignments are evident by 
comparison w i t h other series of molecules and by simple e l e c t r o -
n e g a t i v i t y considerations, and these have been confirmed by non-
emp i r i c a l c a l c u l a t i o n s on c e r t a i n key molecules. Non-empirical 
c a l c u l a t i o n s are a v a i l a b l e f o r thymine and cytosine, and i n the case 
of 5-aza u r a c i l an STO 4-31 G c a l c u l a t i o n has been carried out, and 
these provide valuable comparison w i t h assignments based on the 
charge p o t e n t i a l model using CND0/1I charges. 
The calculated charges and Madelung p o t e n t i a l s are tabulated 
i n Table 5.3, and a p l o t of binding energy, corrected f o r the 
Madelung p o t e n t i a l , against charge f o r the C i s and N j s levels i s 
shown i n F i g . 5.3. 
For the C i s l e v e l s , c o r r e l a t i o n i s extremely good ( r 2 = 0.998) 
and the calculated slope of 22.8 eV/unit charge i s i n good agreement 
w i t h the t h e o r e t i c a l value of 22.0. This can be compared wi t h values 
of k found i n previous and other work: f o r the acetyl compounds and 
also a series of binuclear aromatic compounds and t h e i r p e r f l u o r o 
I / O 
d e r i v a t i v e s a value of 25.0 eV/unit charge has been calculated, 
and f o r a series of s i x membered nitrogen heterocycles and t h e i r 
perchloro and p e r f l u o r o d e r i v a t i v e s 1 5 0 a value of 22.4 has been 
observed. 
The c o r r e l a t i o n f o r the N i s l e v e l s i s rather less meaningful 
( r 2 = 0.716) and the calculated slop* of 16.1 ± 2.3 eV/unit charge 
i s lower than would be expected. I t may be i n f e r r e d from these 
193 
Table 5.3 CND0/1I charges, Madelung P o t e n t i a l s and Assignments 








































































































































































































































































































































































* Based upon k c - k n = 25.0 
/ Based upon k n = 20.0 
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F i g . 5.3. Measured carbon and n i t r o g e n core b i n d i n g 
energies c o r r e c t e d f o r Madelung p o t e n t i a l 
a g a i n s t CNDO/II charge. 
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s m a l l e r s h i f t s t h a t these molecules show c o n s i d e r a b l e hydrogen 
bonding i n the s o l i d stat'^, as i s e v i d e n t from o t h e r e x p e r i m e n t a l 
d a t a . I t has been noted p r e v i o u s l y 1 5 1 t h a t the k v a l v e f o r 
n i t r o g e n atoms i s h e a v i l y dependent upon the environment o f those 
atoms. Thus i f the c o r r e l a t i o n i s made f o r a s e r i e s o f Nl 
b i n d i n g e n e r g i e s w i t h a u r a c i l lactam type environment then the 
c o r r e l a t i o n becomes b e t t e r and the k value more reasonable i . e . 
k = 21.94 ± 4.1 e V / u n i t charge ( r 2 = 0.88) 
I n view o f the apparent v a r i a b i l i t y o f the k value f o r n i t r o g e n 
w i t h i n the s e r i e s as a whole, the assignments f o r the n i t r o g e n atoms 
have been r e c a l c u l a t e d u s i n g a v a l u e of k$j = 20.0 eV/unit charge, 
and the a p p r o p r i a t e values of k q i and (E - E°) are shown i n Table 5.3. 
However, i n no case does t h i s charge r e s u l t i n d i f f e r e n c e s i n 
assignment. 
A f u r t h e r p o i n t of i n t e r e s t may be found on examination of 
Table 5.3. For purposes o f assignment, a value of k = 25 eV/unit 
charge was used f o r b o t h carbon and n i t r o g e n , and the kq values 
are shown i n the t a b l e . I n most i n s t a n c e s the Madelung p o t e n t i a l 
term i s merely a c o r r e c t i o n tr the charge dependence, however, i n 
some cases i t may become comparable i n magnitude, or even dominant. 
T h i s i s o f t e n the case a t C5 through the s e r i e s , l a r g e l y as a 
r e s u l t o f the s m a l l charge on the atom, being remote from the more 
e l e c t r o n e g a t i v e n i t r o g e n and oxygen atoms. 
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Pullman " has performed ab i n i t i o c a l c u l a t i o n s upon c y t c s i n e 
and thymine and i t i s i n t e r e s t i n g t o analyse these r e s u l t s and 
c o r r e l a t e them w i t h the e x p e r i m e n t a l r e s u l t s quoted hure. F i g . 5.4 
shows a p l o t o f ab i n i t i o o r b i t a l energy a g a i n s t measured b i n d i n g 
e n e r g i e s f o r the C l s c.nd N l s l e v e l s . The c o r r e l a t i o n f o r the carbon 
l e v e l s i s reasonable, though t h e r e i s a l o t of s c a t t e r . This would 
be expected w i t h the approximations i n h e r e n t i n the use of Koopmans1 
theorem. The c o r r e l a t i o n f o r the n i t r o g e n atoms are v e r y bad, 
however, and i t would appear t h a t the p o i n t s from the two molecules 
have separate c o r r e l a t i o n s . T his could a r i s e from d i f f e r e n c e s i n 
c h a r g i n g e f f e c t s between the two compounds, but i s more l i k e l y t o 
be a r e s u l t o f the l i m i t e d b a s i s set used i n the c a l c u l a t i o n s and 
d i f f e r e n c e s i n hydrogen bonding. The v a l i d i t y of assignments based 
upon the a p p l i c a t i o n o f Koopmans1 theorem c l e a r l y r e s t s upon an 
assumption o f a c o n s t a n t value f o r the r e o r g a n i s a t i o n energies o f 
. . 153 the atoms concerned. I n the case of p y r i d i n e r e c e n t work 
i n d i c a t e s t h a t r e l a x a t i o n energies f o r d i f f e r e n t s i t e s w i t h i n the 
molecule are l i k e l y t o be c l o s e l y s i m i l a r . D e t a i l e d s t u d i e s of hole 
s t a t e s o f p y r i d i n e and comparison w i t h Koopmans1 theorem showed t h a t 
f o r the C l s l e v e l s the r e o r g a n i s a t i o n energies at d i f f e r e n t s i t e s 
are a l l w i t h i n 0.1 eV. Consequently, i t i s l i k e l y t h a t Koopmans' 
theorem should p r o v i d e a good d e s c r i p t i o n of the s h i f t s i n core 
b i n d i n g e n e r g i e s f o r p y r i m i d i n e a l s o . A r e c e n t ab i n i t i o c a l c u l a t i o n 
upon p y r i m i d i n e i s a v a i l a b l e 1 5 ^ and s h i f t s i n C l s l e v e l s c a l c u l a t e d 
w i t h an assumption o f Koopmans' theorem are i n reasonable agreement 
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F i g . 5.A. 
measured binding energies 
O r b i t a l energy o f C i s and N i s a g a i n s t measured 
core b i n d i n g e n e r g i e s f o r c y t o s i n e and thymine 
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w i t h measured core b i n d i n g energy s h i f t s . These n o n - e m p i r i c a l 
1.2 1.1 
N (0.0) (0.0) N 
1.6 1.2 1.8 1.1 
N N 
Ab i n i t i o Measured 
d a t a , t o g e t h e r w i t h the thymine and c y t o s i n e c a l c u l a t i o n s and a l s o 
an STO 4 - 31 G c a l c u l a t i o n f o r 5-aza u r a c i l , o b t a i n e d i n t h i s 
these compounds by means o f Koopmans1 theorem. These are shown i n 
Table 5.4 along w i t h the CNDO/TI charge p o t e n t i a l assignments, and 
i t may be seen t h a t agreement i s v i r t u a l l y complete, thereby 
a l l o w i n g f u r t h e r confidence i n the charge p o t e n t i a l model as a 
means o f assignment. 
The ab i n i t i o c y t o s i n e and thymine r e s u l t s have a l s o been used 
f o r the c a l c u l a t i o n o f Madelung p o t e n t i a l s and core s h i f t s , t a b u l a t e d 
i n Table 5.5, and p l o t s of measured b i n d i n g e n e r g i e s , c o r r e c t e d f o r 
th e Madelung p o t e n t i a l , a g a i n s t the atomic charges are shown i n 
F i g . 5.5. The c o r r e l a t i o n are reasonably good, g i v i n g the values 
k c = 20.3 e V / u n i t charge and k N = 23.3 eV/unit charge. 
5.5 Tautomeric Form 
I n f o r m a t i o n c o n c e r n i n g which t a u t o m e r i c form a p a r t i c u l a r 
molecule i s i n i n the s o l i d s t a t e i s o f c o n s i d e r a b l e i n t e r e s t i n 
l a b o r a t o r y , have bean used t o a s s i g n Cjg and Njg core l e v e l s i n 
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Core b i n d i n g energy assignments f o r C y t o s i n e , 
Thymine and 5-aza U r a c i l based upon the charge 
p o t e n t i a l model u s i n g CNDO/II p o p u l a t i o n s and 
comparison v. Tith those d e r i v e d from nov-
e m p i r i c a l c a l c u l a t i o n s w i t h an assumptiun o f 
Koopmans' Theorem. 
Compound Assignments (descending o r d e r of 
• chemical s h i f t ) 
Charge P o t e n t i a l KoopmansT 
(CNDO/II) (ab i n i t i o ) 
























Table 5.5 Ab i n i t i o charges, Made lung p o t e n t i a l s and 
c a l c u l a t e d core b i n d i n g energy shift:", f o r 
thymine and c y t o s i n e 
Atom q i 
i « 
E - E° * 
Thymine 
C 2 0.77 -13.11 4.60 
4 0.56 -10.30 2.58 
6 0.02 0.28 0.74 
5 -0.14 - 0.62 -3.84 
N 1 -0.71 11.95 -2.25 
3 -0.72 11.26 -3.14 
Cytosine C 2 0.64 -12.50 2.22 
4 0.36 - 9.00 -0.72 
5 -0.01 6.00 5.77 
6 -0.48 - 0.94 -11.98 
N 1 -0.60 9.37 -2.63 
7 -0.72 4.22 -10.18 
3 -0.46 10.86 1.66 
* k c = 23.0 
k N = 20.0 
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b i o l o g y . The assumption of the u s u a l l y accepted t a u t o m e r i c forms 
f o r t h e p u r i n e and p y r i m i d i n e bases o f the n u c l e i c a c i d s i s 
e s s e n t i a l f o r the understanding of the f i d e l i t y o f r e p l i c a t i o n , 
t r a n s c r i p t i o n and t r a n s l a t i o n of the g e n e t i c code. Furthermore the 
p o s s i b l e e x i s t e n c e of o t h e r t a u t o m e r i c forms a l l o w s some i n s i g h t 
i n t o p o s s i b l e means o f chromosomal m u t a t i o n . I t i s a l s o i n t e r e s t i n g 
t o s p e c u l a t e t h a t 'unusual* t a u t o m e r i c forms of these bases may be 
i n v o l v e d i n the c o n t r o l o f p r o t e i n s y n t h e s i s i n the mammalian c e l l , 
t o g e t h e r w i t h the a s s o c i a t e d problem of d i f f e r e n t i a t i o n . There i s 
a c e r t a i n amount of e x p e r i m e n t a l evidence f o r tautomerism i n the 
p y r i m i d i n e s . NMR evidence tends t o suggest t h a t u r a c i l and thymine 
e x i s t v i r t u a l l y t o t a l l y i n the d i - k e t o form but data suggest t h a t 
c y t o s i n e 1 5 ^ ' ^ ' e x h i b i t s s e v e r a l t a u t o m e r i c forms, depending upon 
the s o l v e n t i n which i t i s d i s s o l v e d or from which i t i s c r y s t a l l i s e d 
NMR has a l s o been used t o study the e q u i l i b r i u m between 4-oxypyr-
i m i d i n e and i t s e n o l i c tautomer. 
I n t h e case of 4 - o x y p y r i m i d i n e , i n s o l u t i o n an e q u i l i b r i u m i s 
e s t a b l i s h e d between the t a u t o m e r i c forms I and I I w i t h I bein g the 
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f o r the two n i t r o g e n core l e v e l s c h a r a c t e r i s t i c of p y r i d i n e and 
lactam type environments supports e i t h e r s t r u c t u r e T or I I i n the 
s o l i d phase, w i t h perhaps s t r u c t u r e I being s l i g h t l y favoured on 
the b a s i s o f a comparison of the 0 j s b i n d i n g energy w i t h o t h e r 
compounds. The 4 h y d i o x y p y r i m i d i n e s t r u c t u r e . ( I l l ) i s r u l e d out 
by b o t h the Nx s and C i s l e v e l s . A case can be made on the b a s i s 
of simple e l e c t r o n e g a t i v i t y c o n s i d e r a t i o n s on the Njs f o r 
s t r u c t u r e I , For t h i s s t r u c t u r e one might expect the b i n d i n g 
energy f o r the p y r i d i n e type n i t r o g e n t o be s i m i l a r to t h a t i n 
p y r i m i d i n e i t s e l f , w h i l s t the lactam n i t r o g e n should be s i m i l a r 
t o N l i n u r a c i l . For s t r u c t u r e I I since the p y r i d i n e type n i t r o g e n 
i s now a t t a c h e d t o the e l e c t r o n d e f i c i e n t c a r bonyl carbon, an 
i n c r e a s e i n b i n d i n g energy w i t h respect t o p y r i m i d i n e might be 
expected and by a s i m i l a r argument the (NH) n i t r o g e n somewhat lower 
i n b i n d i n g energy. 
The problem as t c the t a u t o m e r i c form present i n the s o l i d 
s t a t e can be s e t t l e d more s a t i s f a c t o r i l y by d i r e c t c a l c u l a t i o n o f 
s h i f t s i n core b i n d i n g energies based upon the charge p o t e n t i a l 
model. Thus CNDO/II SCF c a l c u l a t i o n s were performed upon the 
hydroxy tautomers o f u r a c i l , 4 o x y p y r i m i d i n e and b a r b i t u r i c a c i d . 
I f the p r e d i c t e d s h i f t between the n i t r o g e n b i n d i n g energies i n 
OH OH 0 
HN N 
N 0 N HO 
H 
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b o t h k e t o and hydroxy forms are compared w i t h the measured s h i f t s 
t h e n i t i s seen (Table 5.^) q u i t e s t r i k i n g l y t h a t the k e t o forms 
are predominant. Furthermore by u s i n g the CNDO/II SCF data and a 
st a n d a r d l i n e w i d t h on the curve r e s o l v e r , the spectrum o f b a r b i t u r i c 











F i g . 5.6 Synthesised s p e c t r a o f e n o l and k e t o forms o f 
b a r b i t u r i c a c i d . These may be compared w i t h 
t h e measured spectrum i n Appendix I . 
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I t i s c l e a r t h a t the p r e d i c t e d spectrum of the k e t o tautomer i s q u i t e 
s i m i l a r t o the e x p e r i m e n t a l l y o b t a i n e d spectrum, w h i l s t t h a t o f 
the e n o l tautomer i s d i f f e r e n t . 
Table 5.6 S h i f t between r i n g n i t r o g e n atoms 
CNDO/II SCF 






s h i f t 
U r a c i l 0.72 0.0 0.4 
4 Oxypyrimidine 2.18 0.03 1.3 
B a r b i t u r i c A c i d 0.00 1.46 0.0 
5.6 H y d r a t i o n i n S o l i d S t a t e 
The s t a t e of h y d r a t i o n of these molecules i n the s o l i d s t a t e 
i s another t o p i c o f b i o l o g i c a l i n t e r e s t , and again i t would be 
i n t e r e s t i n g t o see i f i n f o r m a t i o n concerning t h i s i s o b t a i n a b l e 
from ESCA. Using the curve r c s o l v e i , the areas under the C l s and 0 l s 
peaks f o r a l l the compounds were measured and r a t i o s c a l c u l a t e d . 
These were compared w i t h t h e o r e t i c a l v a l u e s c a l c u l a t e d on the 
assumption t h a t no water i s pr e s e n t i n the l a t t i c e . The two sets 








CM D Q 
CM 
\ a u a 
JO 
P 3 N 
O 
in 
r r r O CO CM o o 
i— o 
(at 
5.7. Measured and c a l c u l a t e d F i g 
C/0 peak area r a t i o s 
O 
208. 
cases t h e p o i n t s l i e around a s t r a i g h t l i n e of slope 2.0. 
However, some p o i n t s were conspicuously o f f t h i s l i n e , n o t a b l y 
c y t o s i n e and 4 o x y p y r i m i u i n e . Hence a new ' c a l c u l a t e d ' r a t i o 
was d e r i v e d assuming the presence of another oxygen atom per 
m o l e c u l e , whereupon the new p o i n t s l i e q u i t e c l o s e t o the s t r a i g h t 
l i n e . Thus i t i s concluded t h a t each molecule of these compounds 
i s a s s o c i a t e d w i t h one water molecule i n the c r y s t a l l a t t i c e . 
The f a c t o r of 2.0 between e x p e r i m e n t a l and t h e o r e t i c a l r a t i o s 
a r i s e s f r o m the escape depth dependence of the o v e r a l l i n t e n s i t i e s 
of i n e l a s t i c peaks. Thus t h i s f a c t o r w i l l i n c l u d e 
( i ) d i f f e r e n c e s i n s e n s i t i v i t y a r i s i n g from i n s t r u m e n t a t i o n , 
( i i ) i n h e r e n t d i f f e r e n c e s i n cross s e c t i o n s f o r p h o t o - i o n i s a t i o n , and 
( i i i ) d i f f e r e n c e s i n escape depths o f e l e c t r o n s , l e a d i n g to the 
p r o d u c t i o n of e l a s t i c peaks. 
APPENDICES 
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APPENDIX I E.S.C.A. SPECTRA 








( i i ) Pyrimidine Bases 
U r a c i l 
4- 0xy Pyrimidine 
5- Aza U r a c i l 
6- Aza U r a c i l 
Thymine 
6-Aza Thymine 
1,-3-Dimethyl U r a c i l 
Cytosine 
5-Methyl Cytosine 
B a r b i t u r i c Acid 
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APPENDIX I I E.S.C.A. INSTRUMENTATION 
An AEI ESIOO specti umeter has been employed f o r the work 
i n t h i s t h e s i s , the e s s e n t i a l components of which are shown 
schematically i n F i g . A2.1. 
( i ) X-ray generator. F i g . A2.2 shows a section drawing of the 
source. The X~ray tube i s of conventional design and consists 
of a heated cathode at high negative p o t e n t i a l and a water cooled 
anode at ground p o t e n t i a l . The anode i s a hollow copper tube 
faced w i t h the required anode m a t e r i a l (magnesium i n t h i s work 
g i v i n g a photon energy 1253.7 eV). Cooling i s essential and i s 
accomplished by means of a water j e t d i r e c t e d onto the back of 
the anode face. Usual operating conditions are 10 - 15 kV at 
20 - 50 mA (12 kV and 25 mA res p e c t i v e l y i n t h i s work). The 
X-ray tube and sample compartments are separated by a t h i n window 
(Al f o i l , 2/10 thousanths of an inch thickness),through which the 
X-ray beam passes, thus preventing scattered electrons from the 
X-ray source penetrating i n t o the sample region. 
( i i ) E l ectron energy analyser. I t i s necessary that the analyser 
should be capable of a r e s o l u t i o n i n the region of a few parts i n 
101*. The ES100 analyser i o a hemispherical double focussing 
1 5C1 
analyser based on the p r i n c i p l e s described by PurcellV ' The size 
of the hemispheres i s a necessary compromise based upon the cost 
and ease of construction since larger hemispheres, w i t h t h e i r 
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the hemispheres without mechanical d i s t o r t i o n . Furthermore, as 
the size of the analyser i s increased, so must the e f f i c i e n c y of 
the pumping system be increased. Before entering the analyser of 
the ES100, the photoelcctrons pass through a r e t a r d i n g lens system 
which has a twofold purpose:-
a) Allowing more f l e x i b l e sample handling arrangements 
by v i r t u e of the removal of the sample region away from the 
analyser 
b) Reduction of the stringency on the r e s o l u t i o n 
requirements of the analyser by means of the retarding 
p o t e n t i a l . 
The transmitted e l e c t r o n c u r r e n t , I , of the relevant monoenergetic 
electrons i s given by 
I = BAft (A2.1) 
where B i s the brightness of the e l e c t r o n i l l u m i n a t i o n of the 
entrance s l i t , i n u n i t s of current per u n i t area per u n i t s o l i d 
angle, A i s the entrance s l i t area and Q i s the s o l i d angle of the 
spectrometer angle as viewed from the entrance s l i t (Aft i s the 
spectrometer l u m i n o s i t y ) . The brightness B i s determined by the 
strength of the X-radiation at the sample, and since i t i s low, 
a high luminosity AQ i s r e q u i r - d . The luminosity i s given by 
AQ = CR2 ( 4| )2 (A2.2) 
I f E i s reduced by applying a r e t a r d i n g p o t e n t i a l to the electrons 
before they enter the entrance s l i t , tne luminosity may be increased, 
without a f f e c t i n g AE, by increasing the s l i t dimensions and 
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acceptance angles. The brightness of the elec t r o n beam i s 
pr o p o r t i o n a l to i t s k i n e t i c energy and i s therefore reduced i n a 
r e t a r d i n g f i e l d . I f Bo 's the e l e c t r o n brightness at the sample, 
where the photoelectrons have energy Eo, and E i s the k i n e t i c 
energy of the e l e c t r o n as i t passes through the entrance s l i t to 
the analyser, the brightness i s given by 
and hence 





and thus an increase i n i n t e n s i t y of the transmitted current I 
i s also obtained. 
Electrons of the required k i n e t i c energy may be focussed at the 
c o l l e c t o r s l i t by e i t h e r o f : -
a) Scanning the r e t a r d i n g p o t e n t i a l while keeping a constant 
p o t e n t i a l between the hemispheres. 
b) Scanning the r e t a r d i n g p o t e n t i a l and the p o t e n t i a l between 
the analyser hemispheres simultaneously keeping a constant r a t i o 
between the two. 
The ES100 employs the l a t t e r method. Magnetic double focussing 
analysers have been used but, despite t h e i r simpler construction, 
these are bulky since they require Helmholts c o i l s to eliminate 
st r a y magnetic f i e l d s . 
( i i i ) D e t e c t i o n and Data A c q u i s i t i o n . Photoelectrons passing 
through the c o l l e c t o r s l i t are detected by a channel e l e c t r o n 
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m u l t i p l i e r and the pulses obtained are amplified and fed i n t o 
counting e l e c t r o n i c s . Spectra may be generated e i t h e r by c o n t i n -
uous or step scans. I n the continuous mode of operation the f i e l d 
i s increased continuously while the detector signal i s monitored 
by a ra t e meter. I f the signal i s s u f f i c i e n t l y strong and the 
signal to background r a t i o s u f f i c i e n t l y high then the spectrum 
(a graph of counts per second versus k i n e t i c energy of the 
electrons) i s plotced out d i r e c t l y on an X- Y recorder. A l t e r n a t i v e 
the energy may be incremented i n small steps ( t y p i c a l l y 0.1 eV) 
and at each s e t t i n g e i t h e r a f i x e d number of counts may be timed 
or a count can be made f o r a f i x e d length of time. By s t o r i n g 
t h i s data i n a multichannel analyser several scans of the region 
of i n t e r e s t can be made, thereby averaging any random background 
f l u c t u a t i o n s . The a v a i l a b i l i t y of both wide and narrow scan 
f a c i l i t i e s permits both preliminary searches and detai l e d study of 
s p e c i f i c regions, 
( i v ) Sample handling. 
A) I n v o l a t i l e non-metallic s o l i d samples. The most s t r a i g h t 
forward method of sample preparation f o r an i n v o l a t i l e s o l i d i s to 
mount i t on the spectrometer probe by means of double sided adhesive 
tape. This has the dissae'vantage that the sample i s not i n 
e l e c t r i c a l contact w i t h the spectrometer and hence sample charging 
may occur. However, the binding energies do not change w i t h time 
and the C2 S binding energy from the adhesive tape may be used f o r 
c a l i b r a t i o n purposes. An improvement on t h i s method i s to mount 
a small q u a n t i t y of sample on e l e c t r i c a l l y conducting adhesive 
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tape. The layer of pump o i l which forms on the sample surface 
may be used as a referenced'"'"^ When possible, a more s a t i s f a c t o r y 
method i s the deposition of a t h i n layer of the sample onto a 
conducting backing (e.£. gold) by evaporation from a s o l u t i o n i n 
a s u i t a b l e v o l a t i l e solvent. I f the layer i s s u f f i c i e n t l y t h i n , 
such t h a t the core le v e l s of the conducting backing are observable, 
the photo-conductivity induced throughout the sample ensures t h a t 
the sample takes up the same p o t e n t i a l as the sample pla t e and 
eliminates sample charging e f f e c t s . Furthermore, the 4fy^2 signal 
from the gold backing (binding energy 84.0 eV) may be used as 
reference. Other methods of s o l i d sample handling include 
a) Pressing a disc of a powder sample and mounting t h i s on 
the probe. This generally improves count rates compared 
w i t h powder samples and the s l i g h t deposit of hydrocarbon 
on the surface may be used as a reference (see Chapter 5 ) . 
b) A powder sample may be pressed i n t o a wire gauze on the 
piobe. 
c) Samples i n the form of f o i l s or sheets can be clipped 
d i r e c t l y onto the probe. 
Other methods of c a l i b r a t i n g f o r charging e f f e c t s include 
a) Making an intimate mixture of a powder sample w i t h a 
reference powder (which may then be pressed i n t o a d i s c ) . 
b) An i n t e r n a l element may sometimes be used as a reference 
i f i t s chemical environment i s known not to change from 
sample to sample. 
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c) A conducting surface may be deposited on the sample and 
w i l l take up the same p o t e n t i a l as the sample surface 
(e.g. the gold decoration technique). 
B) L i q u i d samples. These are introduced by i n j e c t i o n through a 
septum plug i n t o a heatable (25 to 150° C) evacuated r e s e r v o i r 
s h a f t . The vapour d i f f u s e s through a m e t r o s i l leak and condenses 
on the t i p of the cooled ( t y p i c a l l y -80 to -150° C) sample probe. 
Thus the sample surface i s i n a state of continual renewal, 
thereby preventing surface contamination by the residual spectrometer 
atmosphere and also diminishing d i f f i c u l t i e s from X-ray damage. 
While the layer of condensed sample i s t h i n , and the Au ^fy^2 P e ak 
i s observable, no sample charging occurs. However, w i t h a high rate 
of condensation over an extended period sample charging may occur 
162 
r e s u l t i n g i n changes i n binding energy and peak width. 
C) V o l a t i l e s o l i d s . These are generally studied by sublimation 
of the sample from a c a p i l l a r y tube, which may be heated, and 
subsequent condensation onto a cooled probe. Very v o l a t i l e s o l i d s 
may be i n j e c t e d i n t o the re s e r v o i r shaft to reduce the r a t e of 
condensation. The considerations of sample charging apply j u s t as 
w i t h condensed l i q u i d s . 
D) Gases. Gases may be studied by condensation onto a cooled 
probe although several e l e c t r o n spectrometers have f a c i l i t i e s f o r 
the study of samples i n the gas phase thereby o f f e r i n g several 
advantages i n c l u d i n g lack of sample charging and ease of 
t h e o r e t i c a l i n t e r p r e t a t i o n of r e s u l t s . 
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APPENDIX I I I E.S.C.A, SPECTRUM DECONVOLUTION 
I n t h i s work, p a r t i a l l y r e s o l v e d peaks have been r e s o l v e d 
i n t o t h e i r i n d i v i d u a l components by use of a Du Pont 310 curve 
r e s o l v e r (an analogue computer). For d e t a i l e d d e c o n v o l u t i o n s a 
p r i o r knowledge o f l i n e shapes ( u s u a l l y gaus?ian) and peak w i d t h s 
f o r a p a r t i c u l a r l e v e l i s r e q u i r e d , o b t a i n e d from a study o f 
s i m i l a r compounds w i t h w e l l r e s o l v e d peaks, which have been 
s t u d i e d under the same e x p e r i m e n t a l c o n d i t i o n s . Peak areas f o r a 
g i v e n l e v e l are p r o p o r t i o n a l t o the number of atoms i n a p a r t i c u l a r 
environment a f t e r due allowance has been made f o r any shake-up, 
shake-off and CI s a t e l l i t e s which may a r i s e , and thus i f the 
mol e c u l a r f o r m u l a i s known then i n d i v i d u a l b i n d i n g energies may 
be determined by s e t t i n g peak w i d t h s and areas and v a r y i n g peak 
p o s i t i o n s t o o b t a i n a f i t t o the e x p e r i m e n t a l spectrum. I n the 
compounds s t u d i e d i n t h i s work, the s a t e l l i t e s t r u c t u r e due t o 
shake up processes were o f n e g l i g i b l e p r o p o r t i o n s . The thus 
deconvoluted peaks may then be assigned by means o f the methods 
d e s c r i b e d i n the t e x t . The curve r e s o l v e r a l s o possesses an 
i n t e g r a t i o n f a c i l i t y by means of which the areas under peaks may 
be determined. 
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APPENDIX IV CO-ORDINATES FOR TYPICAL SPECIES (a.u.) 
Atom x y z 
( i ) B r i dged species 
X = H 0.0 0.0 2.53 (minimum) 
X = F 0.0 0.0 2.83 (minimum) 
X = CI 0.0 0.0 3.77 (minimum) 
C ( l ) -1.392519 0.0 0.0 
C(2) 1.392519 0.0 0.0 
H ( l ) -2.416765 -1.774045 0.0 
H(2) -2.416765 1.774045 0.0 
H(3) 2.416765 1.774045 0.0 
H(4) 2.416765 -1.774045 0.0 
( i i ) E t h y l C a t i o n and 2-H a l o e t h y l Cations 
X = H -0.689478 -1.947023 0.0 
X » F -0.83898 -2.369205 0.0 
X « CI -1.110229 -3.135191 0.0 
C ( l ) 0.0 0.0 0.0 
C(2) 2.963833 0.0 0.0 
H ( l ) -0.689478 0.972474 -1.686771 
H(2) -0.689478 0.972474 1.686771 
H(3) 3.988078 0.0 1.774046 
H(4) 3.988078 0.0 -1.774046 
( i i i ) 1 -Haloethyl Cations 
X = F 4.211069 -2.160275 0.0 
X = CI 4.626815 -2.880369 0.0 
C ( l ) 0.0 0.0 0.0 
C(2) 2.963833 0.0 0.0 
H ( l ) -0.689478 0.972474 -1.686771 
H(2) -0.689478 -1.947023 0.0 
H(3) -0.689478 0.972474 1.686771 
H(4) 3.988078 1.774046 0.0 
( i v ) Ethane and Haloethane r . 
X = H -0.689478 - 1 . 947073 0.0 
X = F -0.83898 -2. 369205 0.0 
X = CI -1.110229 -3. 135191 0.0 
c(D 0.0 0. 0 0.0 
C(2) 2 963833 0. 0 0.0 
H ( l ) -0.689478 0. 972474 -1.686771 
H(2) -0.689478 0. 972474 1.686771 
H(3) 3.653311 -0. 972474 -1.686771 
H(4) 3.653311 1. 947023 0.0 
H(5) 3.653311 -o. 972474 1.686771 
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Atom 
( v ) E t h y l e n e and Haloetheylenes 
X = H 
r = F 
x = c i 
c(i) 
C(2) 




























( v i ) R e a c t i o n Co-ordinate Bridge-Protonated Ethylene -> E t h y l C a t i o n 
P o i n t ( i ) 
C(l) -2.818367 0.0 
C(2) 0.0 0.0 
H(l) -3.857495 -1.757891 
H(2) -3.857495 1.757891 
H(3) 1.015742 1.759315 
H(4) 1.015742 -1.759315 
H(5) -1.845559 0.0 
P o i n t ( i i ) 
C(l) -2.854734 0.0 
C(2) 0.0 0.0 
H(l) -3.868341 -1.741083 
H(2) -3.868341 1.741083 
H(3) 1.015742 1.759315 
H(4) 1.015742 -1.759315 
H(5) -2.300118 0.0 
P o i n t ( i i i ) 
C(l) -2.891101 0.0 
C(2) 0.0 0.0 
H(l) -3.837397 -1.723624 
H(2) -3.837397 1.723624 
H(3) 1.015742 1.759315 
H(4) 1.015742 -1.759315 
H(5) -2.754677 0.0 
P o i n t ( i v ) 
c(l) -2.927467 0.0 
C(2) 0.0 O.C 
H(l) -3.765 -1.705518 
H(2) -3.765 1.705518 
H(3) 1.015742 1.759315 
H(4) 1.015742 -1.759315 






























Atom x y z 
( v i i ) R e a c t i o n Co-ordinate 2 - F l u o r o e t h y l C a t i o n Bridgn-Protonated 
F l u o r o e t h y l e n e 
P o i n t ( i ) 
F -1.115955 0.824032 2.095863 
C ( l ) 0.0 0.0 0.0 
C(2) 2.904235 0.0 0.0 
H ( l ) -0.91458 0.675334 -1.717663 
H(2) 0.004521 -2.14135 0.0 
H(3) 3.928481 0.606759 1.667057 
H(4) 3.928481 -0.606759 -1.667057 
P o i n t ( i i ) 
F -1.256251 0.413552 2.13725 
C ( l ) 0.0 0.0 0.0 
C(2) 2.844636 0.0 0.0 
H ( l ) -1.026725 0.337993 -1.74676 
H(2) 0.69852 -2.335675 0.0 
H(3) 3.868882 0.30806 1.747094 
H(4) 3.868882 -0.30806 1.747094 
( v i i i ) R e a c t i o n Co-ordinate B r i d g e - P r o t o n a t e d F l u o r o e t h y l e n e 
1 - F l u o r o e t h y l C a t i o n 
P o i n t ( i ) 
F -1.256685 -1.088321 1.885027 
C ( l ) 0.0 0.0 0.0 
C(2) 2.844636 0.0 0.0 
H ( l ) -1.024246 0.887022 1.885027 
H(2) 2.146116 -2.335675 0.0 
H(3) 3.871361 0.337993 1.74676 
H(4) 3.871361 0.337993 -1.74676 
P o i n t ( i i ) 
F -1.256685 -1.885027 1 088321 
C ( l ) 0.0 0.0 0.0 
C(2) 2.904235 0.0 0.0 
H ( l ) -1.024244 1.536367 -0.887022 
H(2) 2.899714 -2.14135 0.0 
H(3) 3.818815 0.675334 1.717663 
H(4) 3.818815 0.675334 -1.717663 
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Atom x y z 
( i x ) R e a c t i o n Co-ordinate 2 - C h l o r o e t h y l C a t i o n •+ Br\dge-Protonated 
C h l o r o e t h y l e n e 
P o i n t ( i ) 
CI 1.528808 0.98518 2.784636 
C ( l ) 0.0 0.0 0.0 
C(2) 2.892315 0.0 0.0 
H ( l ) 0.143321 -2.180214 0.0 
H-2) -0.946298 0.609804 -1,723626 
H(3) 3.916561 1.042758 -1.435233 
H(4) 3.916561 -1.042758 1.435233 
P o i n t ( i i ) 
CI -1.68435 0.325352 2.849411 
C ( l ) 0.0 0.0 0.0 
C(2) 2.820797 0.0 0.0 
H ( l ) 0.97612 -2.413404 0.0 
H(2) -1.039129 0.20072 -1.757892 
H(3) 3.845043 0.368845 -1.735278 
H(4) 3.845043 -0.368845 1.735278 
(x) R e a c t i o n Co-ordinate Bridge-Protonated Chloroethylene -> 
1- C h l o r o e t h y l C a t i o n 
P o i n t ( i ) 
CI -1.662982 -0.890083 2.739393 
C ( l ) 0.0 0.0 0.0 
C(2) 2.820797 0.0 0.0 
H ( l ) 1.844677 -2.413405 0.0 
H(2) -1.024244 0.54821 -1.687217 
H(3) 3.859926 0.20072 -1.757892 
H(4) 3.859926 0.20072 1.757892 
P o i n t ( i i ) 
CI -1.662982 -2.330267 1.693038 
C ( i ) 0.0 0.0 0.0 
C(2) 2.892315 0.0 0.0 
H ( l ) 2.748994 -2.180214 0.0 
H(2) -1.024244 1.435233 -1.042758 
H<3) 3.838613 0.609804 -1.723626 
H(4) 3.838613 0.609804 1.723626 
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APPENDIX V GAUSSIAN EXPONENTS AND CONTRACTION COEFFICIENTS 
AND SLATER EXPONENTS 
( i ) Exponents and C o n t r a c t i o n c o e f f i c i e n t s f o r hydrogen, carbon, 
f l u o r i n e and c h l o r i n e -
Exponents C o n t r a c t i o n C o e f f i c i e n t s 
Hydrogen 0.45003b D 01 Hydrogen 0.7048 D 01 
S 0.681277 D 00 0.40789 D 00 
• 0.151374 D 00 0.64767 D 00 
Carbon 0.9947 D 03 Carbon 0.72 D -02 
0.16 D 03 0.473 D -01 
0.3991 D 02 0.1819 D 00 
S 0.1182 D 02 0.4474 • D 00 
0.3698 D 01 0.4438 D 00 
0.6026 D 00 0.434 D 00 
0.1817 D 00 0.6859 D 00 
0.4279 D 01 0.1093 D 00 
P 0.8699 D 00 0.4597 D 00 
0.2036 D 00 0.6302 D 00 
F l u o r i n e 0.2723 D 04 F l u o r i n e 0.59 D -02 
0.4164 D 03 0.42 D -01 
0.9773 D 02 0.1792 D 00 
S 0.2787 D 02 0.4544 D 00 
0.8712 D 01 0.4436 D 00 
0.1396 D 01 0.5064 D 00 
0.4209 D 00 0.6190 D 00 
0.1053 D 02 0.127 D 00 
P 0.2188 D 01 0.4784 D 00 
0.4785 D 00 0.6129 D 00 
C h l o r i n e 0.286563 D 05 C h l o r i n e 0.1558 D -02 
0.4299 D 04 0.11941 D -01 
0.976335 D 03 0.59635 D -01 
0.274415 D 03 0.208871 D 00 
S 0.890063 D 02 0.444010 D 00 
0.312371 D 02 0.388159 D 00 
0.776951 01 0.350098 D 00 
0.307933 D 01 0.730327 D 00 
0.651038 D 00 0.390248 D 00 
0.240798 D 00 0.782082 D 00 
0.150436 D 03 0.278870 D -01 
0.347101 D 02 0.173468 D 00 
P 0.104071 D 02 0.469717 D 00 
0.337330 D 01 0.485035 D 00 
0.748495 D 00 0.485239 D 00 
0.207855 D 00 0.648858 D 00 
-
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( i i ) For ST0-3G c a l c u l a t i o n s , the b a s i s s e t c o n s i s t s o f a 
l e a s t squares f i t o f S l a t e r type o r b i t a l s t o t h r e e gaussian 
f u n c t i o n s . The S l a t e r exponents, evaluated by a p p l i c a t i o n 
f n i 126 of Burns r u l e s are 
H I s 1.200 
C li 5.6727 2s 1.6083 2p 1.5679 
CI I s 16.5239 2s 5.7152 3s 2.3561 
2p 6.4966 3p 2.0387 3d 1.8000 
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